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RESUMO 
Os efeitos combinados de cisalhamento, forças centrífugas e tensão interfacial durante o 
escoamento bifásico de água e óleo em uma Bomba Centrífuga Submersa (BCS) podem 
produzir emulsões com diferentes distribuições de tamanho de gotas (DTG). Informações sobre 
o desempenho da bomba nesse cenário e do modo com o qual a distribuição é afetada pela 
bomba são importantes para o desenvolvimento de tecnologias de produção de óleo, 
melhoramentos na geometria de unidades de BCS e redução de custos em processos e operações 
pós bombeamento. Nesse trabalho, o escoamento bifásico de água e óleo em uma bomba BCS 
de 8 estágios foi estudado sob diferentes aspectos. A faixa operacional da bomba operando com 
escoamento bifásico e a inversão de fases dentro da bomba foram determinadas. Além disso, o 
desempenho individual de cada estágio e o escoamento bifásico num trecho de linha reto depois 
da bomba são discutidos. O efeito das condições operacionais da bomba na DTG e diâmetro 
médio das gotas das emulsões formadas foi determinado usando uma sonda de retrorreflexão 
óptica (ORM). Algumas propriedades físico-químicas de emulsões sintéticas, determinadas em 
diferentes temperaturas, como ponto de inversão, tensão interfacial, comportamento reológico 
e densidade, também são apresentadas e discutidas nesse trabalho. Os resultados indicam que a 
bomba apresenta um desempenho inferior quando emulsões de água/óleo são formadas. No 
entanto, depois do ponto de inversão, o comportamento é similar ao bombeio monofásico de 
água. O ponto de inversão na bomba parece ocorrer na faixa de 10 a 30% de fração de água, em 
diferentes velocidades de rotação da bomba. O primeiro estágio apresentou alguma dispersão 
nos resultados de elevação, mas o comportamento foi, no geral similar entre os estágios 
seguintes. No escoamento depois da bomba, uma acentuada mudança na queda de pressão foi 
observada no trecho de linha reto na mesma faixa de fração de água em que foi observada a 
inversão de fases na bomba. A DTG mudou com as condições operacionais, como water cut, 
velocidade de rotação e caminho do experimento, porém não foi observada uma correlação 
geral da distribuição final com cada um desses parâmetros. O alto cisalhamento da bomba 
parece ter produzido emulsões tão estáveis que a distribuição foi muito similar na entrada e na 
saída da bomba. Os resultados desse trabalho indicam que a emulsão pode reduzir 
significativamente o desempenho da bomba em determinadas condições e que a bomba exerce 
um forte efeito na emulsão, que pode ser notado inclusive no escoamento após a saída dela. 
Palavras Chave: bombas centrífugas; bomba centrífuga submersa; escoamento multifásico; 
emulsões; distribuição de tamanhos.
ABSTRACT 
The combined action of shear, centrifugal forces and interfacial tension during water-oil two-
phase flow in an Electrical Submersible Pump (ESP) can produce emulsions with different 
droplet size distributions (DSD). Information on the pump performance in this scenario and the 
way the distribution is affected by the pump are important to develop oil production 
technologies, improve geometries for ESP units and to achieve cost reduction in upstream 
systems. In this work, water-oil two-phase flow in an 8-stage ESP has been studied under 
different aspects. The operational range of the pump operating with two-phase flow and the 
phase inversion inside the pump has been determined. Also, individual stage performance and 
two-phase flow in a straight pipeline past the pump are discussed. The effect of the operating 
conditions of the pump on the DSD and mean droplet diameter of the emulsions formed was 
determined by using an optical back reflectance (ORM) probe. Some physicochemical 
properties of synthetic emulsions, determined in different temperatures, like inversion point, 
interfacial tension, rheological behavior and density, are also presented and discussed in this 
work. Results indicate that the pump exhibits a poor performance when water/oil emulsions are 
formed. However, after the inversion point, the behavior is similar to water single-phase 
pumping. The inversion point in the pump seems to occur in the 10 to 30% water cut range, in 
different rotation speeds. The first stage displayed some dispersed head results, but the behavior 
was overall similar for the following stages. In the flow after the pump outlet, a great change in 
the pressure drop was observed in the straight pipeline in the same range of water cut that phase 
inversion was observed in the pump. The DSD changed with operational conditions, like water 
cut, pump rotation speed and experiment path but no general correlation was observed between 
the final distribution and each of these parameters. The high shear in the pump seems to have 
produced emulsions so stable that the distribution was very similar at the pump inlet and outlet. 
The results of this work indicate that the emulsion can reduce significantly the pump 
performance in certain conditions and that the pump exerts a strong effect on the emulsion, 
which can be noted even on the flow after its outlet. 
 
Key words: centrifugal pumps; electrical submersible pump; multiphase flow; emulsions; size 
distribution.  
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1. INTRODUCTION  
At the beginning of the productive life of a well, the reservoir pressure is usually 
enough to elevate the fluids. This energy must compensate the friction losses inside the 
reservoir itself, production tubing, riser and lines which transport the hydrocarbons until the 
production facilities.  
When natural pressure is no longer enough, or starts to provide a non-profitable oil 
flow, it is necessary to implement one of the artificial lift methods, which use an external energy 
source that increases the down hole pressure in order to overcome the friction losses present in 
the system. The most appropriate choice depends upon factors as mechanical, production and 
fluid characteristics, completion equipment, operational cost and thermodynamic properties 
(Monte Verde, 2011).  
The second artificial lift method most applied in deep water wells is the electrical 
submersible pumping (ESP) (Paternost, 2013), also applied in sub-sea boosting and water 
injection processes. When the oil is mixed with water during flow in ESP pumps, emulsions are 
produced (Morales, 2009). 
Emulsions are present in almost all of the stages of petroleum exploration: drilling, 
producing, transporting and crude oil processing. They occur in many locations: hydrocarbon 
reservoirs, wellbores, surface facilities, transportation systems and refineries. Although there 
are cases in which emulsions are required (Langevin et al., 2004; Karcher, 2008), water 
presence generally increases costs in almost all aspects and can even compromise oil 
specification for commercialization (Pal, 1996; Holmberg, 2002; Karcher, 2008). So, it must 
be properly removed, which normally happens at primary processing plants and refineries 
(Sztukowski and Yarraton, 2005; Hannisdal et al., 2006; Oliveira, 2010). 
1.1. Motivation 
The combined action of shear, centrifugal forces and interfacial tension during fluids 
flow in ESP can produce emulsions with different droplet size distributions (DSD). These 
distributions must be known to avoid problems in the production and processing systems, which 





important when heat and mass transfer processes are involved, once they are strongly linked to 
the interfacial area.  
The droplet size distribution of emulsions is also strongly linked to the viscosity. When 
viscosity increases, flow assurance problems are more frequent and the operational costs to 
transport the fluids are increased. Generally, the more homogenous the DSD and smaller the 
droplet sizes in an emulsion, the higher the value of dynamic viscosity (De Oliveira, 2010).  
When ESP handles high viscosity fluids, the centrifugal pump performance curves 
suffer some degradation. Due to hydraulic and mechanical efficiencies decreases, each pump 
stage produces a lower head than the one predicted on the manufacturer performance curves for 
single-phase flow (Pessoa, 2001; Khalil et al., 2008). 
The first studies about multiphase flow in centrifugal pumping were conducted in the 
nuclear engineering field, where the pump enables the flow of cooling water to the reactors. 
The results obtained cannot be entirely applied to the pumps used in the petroleum area because 
of differences in shaft diameter, casing type and number of stages, for instance (Pessoa, 2001).  
As the mean droplet size and droplet size distribution of emulsions strongly influence 
the production of petroleum in centrifugal pumps, the knowledge of its properties in different 
flow conditions is critical to develop production equipment designing with cost reduction.  
1.2. Objectives 
This work had the main objectives of experimentally determining the characteristics 
of an ESP pump system operating with water-oil flow and the effect that the pump exert upon 
the mixture. 
In order to achieve these objectives, the following tasks were performed: 
 Validation of two size distribution probes using different two-phase systems in several 
conditions; 
 Measurement of some physicochemical characteristics of emulsions in different 
conditions; 
 Establishment of the operational range of an ESP pump operating with water-oil 
mixtures in different conditions;       





 Determination of the effect of the ESP on the oil/water droplet size distribution and 
mean droplet size; 
 Investigation of the parameters of classic models to represent the experimental droplet 






















































2. LITERATURE REVIEW  
This chapter presents a literature review with four sections. The main concepts related 
to electrical submersible pumping are discussed in section 2.1. Emulsions behavior and 
dispersed flow are discussed in sections 2.2 and 2.3. Finally, the main studies regarding to 
emulsion flow in centrifugal pumps and droplet size distribution determination performed in 
the last decades are presented in section 2.4. 
2.1. Electrical Submersible Pumping 
The ESP is a very versatile method and its use has several advantages, such as 
(Carrascal, 1996; Barrios, 2007; Trevisan, 2009; Olsen et al., 2011; Paternost, 2013; Varon, 
2013): 
 Extensive operational range, from few barrels per day up to thousands of barrels per 
day; 
 Applicable to vertical or horizontal wells; 
 Applicable to deep wells; 
 High tolerance to corrosion; 
 Can handle viscous and multi-phase fluids; 
 Mobile parts in surface are not required; 
 Quite simple automation, supervision and control;  
 Applicable to high productive wells, under water influx or water injection as secondary 
recovery, the case of the Peregrino field, currently being developed by Statoil. 
However, this method has some technological constraints. The conventional 
arrangement causes any intervention to be more time consuming, which results in higher costs 
and interruption of the production for a longer period of time. The presence of gas may lead to 
the occurrence of the surging and gas locking phenomena, making the pump behave as if it had 
been undersized. Besides, ESP requires a relatively high initial investment; suffers performance 
problems when pumps high viscosity fluids (such as emulsions), can deteriorate in conditions 
of sand and high temperature and requires a stable electricity source (Carrascal, 1996; Romero, 





2.1.1. ESP Components 
The pumping system is compounded by the surface and subsurface component groups. 
The surface group consists of the transformers, switchboard (motor controller), the vent box, 
the surface cable and the wellhead. The transformer modifies the electric tension to feed the 
motor. The switchboard is the device that controls de motor. The vent box releases gas that 
could eventually migrate into the electric cable, which, in turn, transmits electric power from 
the surface to the motor. The wellhead exerts a pressure seal around the tubing and the power 
cable (Sun, 2003; Gamboa, 2008; Olsen et al., 2011; Varon, 2013).  
The down-hole group consists in the electric motor, the seal section (protector), the 
intake, the pump, the check valve, the drain valve, the tubing and the electric power cable. The 
motor rotates the pump shaft usually at 3500 rpm velocity and 60 Hz frequency. They are both 
attached by the protector, which equalizes the external fluid pressure with the internal pressure 
and isolates the internal oil. The intake has the entrance to the well fluid and may house a gas 
separator while the tubing gives stability to the system. If the equipment need to be turned off, 
the check valve prevents the fluids from flowing back. The drain valve prevents the oil spill 
allowing its removal from the tubing in some operations. The pump suction must always be 
submerged in the liquid (Sun, 2003; Gamboa, 2008; Olsen et al., 2011). All the components 






Figure 2.1. ESP typical system (Sun, 2003). 
The most important part of the system is the centrifugal pump. It consists of two main 
parts: the impeller and the casing. When electrical energy is provided to the motor, the shaft 
starts to rotate and the impeller’s vanes start to move. This movement forces the fluid into a fast 
rotation motion, increasing its kinetic energy. As it flows from the impeller to the casing, the 
kinetic energy acquired by the fluid is transformed into pressure energy due to the area increase. 
During the operation, the produced fluid cools the motor (Trevisan, 2009; Olsen et al., 2011). 
According to Carrascal (1996), the minimum speed of the fluid to provide good cooling should 
be 1 ft/sec. Figure 2.2 shows the impellers, diffusers and fluid path in an ESP pump.  
As can be seen in Figure 2.3, the impeller’s vanes have two walls or shrouds 
surrounding it. The first one faces the pump inlet and is known as front or bottom shroud, while 
the other one faces the impeller’s discharge and is known as back or upper shroud. Impellers 
which have both these walls are called closed impellers and the ones that only have one shroud 
are called open impellers. In petroleum industry, pumps with closed impellers are more 






Figure 2.2. Impellers and diffusers in an electrical submersible pump (Biazussi, 2014). 
 
Figure 2.3. Centrifugal pump impeller (Gamboa, 2008). 
As reported by Gamboa (2008) and Sun (2003), the impellers can be divided into 
radial, mixed and axial types, according to their shape. Regarding to casing, there are two types: 
the volute casing and the diffuser casing. While in the volute casing the increase in area is 
accomplished gradually in a single casing channel, in the diffuse casing it occurs through a 
group of channels formed by vanes. In the second case, the conversion of energy takes place 
within each diffuser vane. Due to the more compact design and ability to handle high flow rates, 
pumps with diffuse casings are commonly used in ESP (Gamboa, 2008). 
2.1.2. Performance Curves 
The performance curves of a centrifugal pump consisting of 3 stages are shown in 





pumped from the well. The head h represents the pressure incremental to the fluid. It can be 
calculated as the ratio of the pressure gain (Δ𝑝𝑝𝑢𝑚𝑝) to the product between fluid density (𝜌) 




  (2.1) 
 
 
Figure 2.4. Performance curves of a centrifugal water pump with three stages (White, 2011). 
The head is expressed in length units (feet in Figure 2.4) once it is related to the height 
to which liquid can be raised by the pump. Since the pressure gain is directly related to the 
kinetic energy transmitted to the liquid, fluids with higher densities meet higher pressure 
increases during the pump flow. The head, however, is the same for fluids of different densities 
or specific gravities and is represented by the pink curves (White, 2011). In Figure 2.4 each 
pink curve corresponds to a different impeller diameter. 
At zero capacity, the head reaches the maximum value and is called shut-off head. The 
pump capacity at zero head is called open flow capacity. The NPSH (Net Positive Suction Head) 
is the energy required for the pump not to suffer cavitation problems (White, 2011).  
The brake horsepower (bhp) curves present in Figure 2.4 represent the energy supplied 
to the pump shaft for each group of stages. The bhp (𝑃𝑏ℎ𝑝) can be estimated when the torque 





𝑃𝑏ℎ𝑝 = 𝑁𝜏𝑠ℎ𝑎𝑓𝑡 (2.2) 
According to Monte Verde (2011), the bhp may also be obtained when the current (𝐼), 
tension (𝑈), power factor (𝑐𝑜𝑠𝜑) and motor performance (𝜂𝑚𝑜𝑡𝑜𝑟) are known. The author states 
that this second manner includes more errors due to the higher uncertainties with the variables 
involved.  
𝑃𝑏ℎ𝑝 = √3𝑈𝐼(𝑐𝑜𝑠𝜑)𝜂𝑚𝑜𝑡𝑜𝑟 (2.3) 
The amount of energy indeed delivered to the fluid is called hydraulic power (𝑃ℎ), 
which is related to the capacity (𝑄) and pressure increase (Δ𝑝pump) (White, 2011): 
𝑃ℎ = 𝑄Δ𝑝pump (2.4) 
Once the energy transferred to the fluid by the pump is known, it is possible to calculate 
the global efficiency (𝜂). It corresponds to the ratio of the output energy (𝑃ℎ) and the input 









Considering an infinite quantity of vanes and no energy losses, the Euler equation is 
obtained from the conservation of angular momentum equation. Actually, the real finite number 
of vanes modifies the ideal flow inside the impellers and degrades the head generated by the 
pump. Additionally, hydraulic, shock and leaking losses are responsible for decreasing even 
more the head (Monte Verde, 2011; White, 2011). The efficiency takes into account these 
energy losses. 
As can be easily seen in Figure 2.4, there is an operation range where the efficiency 
reaches the maximum values, which is called the best efficiency point (BEP). It is highly 
recommended to operate the pump as close as possible to this point to save energy once it 






The performance curves are provided by the manufacturer referring to water (specific 
gravity = 1) pumping at 60°F and 3500 rpm rotation speed, according to API RP 11S2 (Monte 
Verde, 2011; Varon, 2013). They are drawn with data collected experimentally due to the 
difficulty in mathematical prediction (Fox, 2008). When the pump operates with different 
fluids, the curves don’t change provided that the viscosity is not much higher than the water’s, 
i.e. around 1 cP (Khalil, 2006). 
2.1.3. Affinity Laws 
In order to save energy, it is possible to operate a centrifugal pump in different rotation 
speeds than the one it was originally designed to work on, what can be done using frequency 
inverters. When the pump is operated in a different rotation speed and the fluid pumped is 
inviscid, the performance curves can be determined through the Affinity Laws stated by 
Stepanoff (1957) after Paternost (2013). 
The Buckingham Pi Theorem allows the determination of independent dimensionless 
numbers referring to a specific physical phenomenon (Fox, 2008). In the case of centrifugal 
pump, the independent variables are volumetric flow rate, angular velocity, shaft diameter and 
fluids properties (density – 𝜌 – and viscosity – 𝜇) while the dependent variables are the 
performance parameters. Therefore: 
ℎ = 𝑤1(𝑄, 𝜌, 𝑁, 𝐷𝑠ℎ𝑎𝑓𝑡 , 𝜇) (2.6) 
𝑃𝑏ℎ𝑝 = 𝑤2(𝑄, 𝜌, 𝑁, 𝐷𝑠ℎ𝑎𝑓𝑡 , 𝜇) (2.7) 

























These two equations obtained are functions of the capacity coefficient (𝐶𝑄) and 


















In order to show similarity in the performance tests, a pump should present the same 
values for the capacity coefficient and Reynolds number when operating in different rotation 
speeds and with different shaft diameters. However, it was observed that the viscous effects can 
be neglected and, therefore, the so called similarity equations can be summarized to the head, 
capacity and power coefficients (White, 2011).  
The similarity equations state that, if the operation variables of a pump are well known, 
the operation variables of any other pump geometrically similar to the first one, operating in a 
different rotation speed or with a different shaft diameter, can be easily determined. In other 




























5 = 𝐶𝑃𝑏ℎ𝑝 2
 (2.14) 
One last extensively used dimensionless number is the specific speed, which is 
analogous to the Reynolds number for pipe flow. The specific velocity (𝑁𝑠) is calculated in the 
best efficiency point (BEP), as a function of the rotational speed (N), volumetric flow rate (𝑄), 










2.1.4. Pumping of Viscous Fluids 
The sizing of a common multistage ESP is fairly simple once the performance curves 
are supplied by the manufacturer. However, when handling high viscosity fluids, it is expected 
that the centrifugal pump performance curves suffer some degradation (Pessoa, 2001; Amaral, 
2007). In other words, as reported by Pessoa (2001), each stage is predicted to produce a lower 
head than predicted on the manufacturer performance curves for single-phase flow. One 
common viscous fluid that ESP pumps need to work with is formed when the oil is mixed with 
water and emulsions are formed. The emulsions usually increase the viscosity of the fluids.  
An accurate prediction of the performance of any pump handling high viscosity fluids 
is challenging. Some empirical and mechanistic approaches have been attempted in previous 
works. The main problem of the experimental approach is that the correlations are specific for 
the type and number of stages of the pump used in experiments. The theoretical models, on the 
other hand, can be very complicated to be developed since the geometry and flow in the pump 
can be both really complex (Amaral, 2007; Khalil et al., 2008).  
2.2. Emulsions 
Oil/water emulsions are fine dispersions of oil in water (o/w) or of water in oil (w/o) 
which are usually thermodynamically unstable once the phases are immiscible. The phase 
present in the droplets is called dispersed phase, while the surrounding one is known as 
continuous phase. The droplets usually have sizes in the 1 to 100 µm range and a high 
area/volume ratio (Karcher, 2008; Silset, 2008). Langevin et al. (2004) reports 10 µm or less 
diameters for stable emulsions. 
Emulsions can suffer a phase inversion, i. e., w/o can become o/w and vice-versa. This 
transition occurs when the ratio between dispersed and continuous phases reaches a value called 
inversion point (Hannisdal et al., 2006).  
According to Hannisdal et al. (2006) and Frange and Garcia (2009), an important 
quantitative tool that allows a partial prediction of emulsion type is the hydrophile-lipophile 
balance of the surfactant, known as HLB number. Low HLB values favor w/o emulsions, 
whereas high HLB values tend to give o/w emulsions. The authors state, however, that the HLB 





adsorbed at an oil-water interface, reason why this number is not absolute in defining emulsion 
type.  
Another criteria for emulsions characterization is the Bancroft Rule (De Oliveira, 
2010), which says that the continuous phase is the one where the surfactant is more soluble.  
An additional type of emulsion is the multiple emulsion, called water-in-oil-in-water 
emulsions (w/o/w), where tiny water droplets are trapped inside small oil droplets that were 
originally dispersed in water. The inverse situation is also possible when additional oil is 
trapped inside water droplets originally dispersed in oil, and it is called an oil-in-water-in-oil 
emulsion (o/w/o). This type of emulsion is more difficult to be broken (Melo, 2007; Silset, 
2008; Oliveira, 2010). 
According to Karcher (2008), emulsions can be classified by dispersed phase 
concentration. Diluted emulsions have less than 0.1 vol.% of dispersed phase, while 
concentrated ones have 0.1 to 74 vol.%. On the other hand, Venkataramani and Aichele (2014) 
define concentrated emulsions those which the volumetric fraction of the dispersed phase is 
greater than 1 vol.%. When the dispersed phase represents more than 74% of the volume, it is 
classified as highly concentrated or gelled emulsion.  
2.2.1. Emulsions Formation 
Emulsions formation mechanism requires three factors to occur. First, as previously 
said, the phases must be immiscible. Secondly, energy must be applied to mix the two phases, 
in the form of agitation or ultra sound, for instance. In the oil production, it happens during flow 
in pumps and valves.  
When one fluid is divided into droplets, the interfacial area and, therefore, Gibbs 
energy increase (Oliveira, 2010). The emulsion system tends to pursuit a lower energy level 
and separate, reason why the third factor is needed: surfactants. They migrate from the bulk 
phase to form an interfacial film, which is able to provide kinetic stabilization by different 
mechanisms. This kind of chemical agents are naturally present in the petroleum (Karcher, 
2008).   
High molecular weight substances, like asphaltenes, resins, waxes, naphthenic acids 
and sulfur compounds are examples of natural surfactants. These molecules can interact and 





et al., 2004; Sztukowski and Yarraton, 2005; Hannisdal et al., 2006; Melo, 2007; Karcher, 2008; 
Silset, 2008; Oliveira, 2010).  Other aspects that affect the spatial organization of surfactants at 
interfaces are temperature, electrolyte concentration, oil type and chain length (Hannisdal et al., 
2006). 
2.2.2. Emulsion Stability 
The surfactants are surface active agents, also called emulsifiers. They are amphiphilic 
molecules, i.e., they have affinity for both water and oil phases. However, they tend to present 
a higher affinity to the continuous phase than to the dispersed phase (Iqbal et al., 2011). After 
the emulsion is formed, these molecules tend to concentrate in the oil-water interface, 
decreasing the interfacial tension and creating an elastic and resistant film (Karcher, 2008).  
The film gets increasingly stronger as the emulsion gets older. Over the time, more 
and more surfactant agents tend to migrate to the interface, increasing its stiffness. The stronger 
the film, the more difficult the phase separation due to smaller interfacial tension, establishment 
of a viscous barrier and ionic repulsion among droplets. This last one is not considered very 
important in w/o emulsions due to the low oil dielectric constant (Oliveira, 2010).  
The interfacial tension can be defined as the work necessary to increase the surface 
area in an unity, through a reversible and exothermic process (Karcher, 2008). This occurs due 
to the unbalanced forces to which the molecules are submitted, which forces them to diverge 
from the interface and induce its contraction (Figure 2.5). 
 
Figure 2.5. Effect of attractive forces in the droplets near interface (Karcher, 2008). 
The interfacial tension (𝜎) corresponds to the Gibbs energy variation (𝜕𝐺) due to 










= 𝜎 (2.16) 
The pressure increase (Δ𝑃droplet) due to droplets formation with known radius (𝑟) can 





So, as surfactants decrease the interfacial tension, they reduce the pressure increase in 
the emulsion formation process. According to Maindarkar et al. (2015), the smaller the droplets 
the more surfactant can be found at their interface. 
Another important stability mechanism pointed out by Melo (2007) is the Gibbs-
Marangoni effect. When two droplets get close to each other, the interfacial film suffers some 
deformation and a tension gradient appears. The Gibbs-Marangoni effect represents the force 
that makes additional surfactant molecules to migrate to this region and oppose the stretching, 
thus reestablishing the interfacial tension pattern (Holmberg, 2002). In other words, this effect 
minimizes the chance of film rupture by rearranging the molecules to the weakest points. 
Hannisdal et al. (2006), however, affirms that the Gibbs elasticity can only slow down the 
drainage, but cannot prevent it. 
The interfacial film viscosity also slows down the drainage of the continuous phase 
through the dissipation of part of the kinetic energy of the flow within the surfactant adsorption 
layer. Interfacial viscosity includes both shear and dilatational viscosities (Hannisdal et al., 
2006). 
Another kind of emulsion stability is provided by fine solids in the sub micrometer to 
micrometer range, which are able to enhance film stiffness and increase the steric stabilization 
(Sztukowski and Yarraton, 2005). This means that they difficult droplets approximation 
through energy affinity, hindering collision among drops, effective film drainage and 
coalescence (Sztukowski and Yarraton, 2005; Frange and Garcia, 2009; Oliveira, 2010). 
However, the interfacial tension remains unchanged (Venkatramani and Aichele, 2014). When 
the solids stabilize emulsions in absence of surfactants, the emulsions are referred to as 





onto the interface or onto the film. Figure 2.6 presents a schematic representation of particle 
stabilization. 
 
Figure 2.6. Schematic representation of droplet stabilization by particles.  
Hydrophilic particles, i.e., those with a contact angle less than 90° to water, tend to 
stabilize o/w emulsions, whereas hydrophobic particles, i.e., those with a contact angle greater 
than 90° to water, stabilize w/o emulsions. In case of 90° contact angle, the emulsion stability 
is favored for both w/o and o/w types (Sztukowski and Yarraton, 2005). Besides the contact 
angle, particle partitioning, surface coverage and the phase in which the particle is originally 
dispersed also affect the emulsion stability (Sztukowski and Yarraton, 2005). 
2.2.3. Phase Separation 
In order to separate the oil and water phases, the emulsion must be first destabilized. 
This can be done altering several physicochemical properties which can destabilize the 
interfacial film (Hannisdal et al., 2006). 
The phase separation occurs in a three step mechanism. In the first one, called 
flocculation, Van der Waals attractive forces exceeds the repulsive ones; droplets approximate 
and form irregular aggregates but do not break, as shown in Figure 2.7. The stabilizing film still 






Figure 2.7. Flocculation between two droplets and interfacial film modification. 
The next step, the coalescence, requires the solid particles and surfactant molecules to 
be removed from the droplet-droplet contact region. Langevin et al. (2004) state that among the 
dynamic processes, emulsion film rupture is certainly the least well understood. 
A hypothesis present in the literature to explain the coalescence states that, as large 
droplets approach each other, the interfaces interact and the film is drained through lateral liquid 
displacement. This phenomenon occurs because the drop collision causes a convective flux of 
continuous phase away from the contact zone, resulting in a tangential drag of surfactant 
molecules along the fluid flow. The Gibbs-Marangoni effect tends to reduce this movement 
(Langevin et al., 2004; Hannisdal et al., 2006). When the film is thinned to below a critical 
thickness, it ruptures and the capillary pressure causes the droplets to merge, thus becoming 
one bigger droplet (Angeli and Hewitt, 2000; Holmberg, 2002; Hannisdal et al., 2006). 
The conditions that favor the third step, sedimentation, can be understood by the 
Stokes law, which takes into account the gravitational, buoyance and fractional drag forces 
(Souza et al., 2015). Once higher sedimentation velocities correspond to lower separation times, 





The droplet size is one of the most important factors that influence the Stokes velocity 
because its term presents a squared dependence. This explains why droplets coalescence 
facilitates separation of the phases.  
The difference between dispersed (𝜌𝑑) and continuous (𝜌𝑐) phases densities indicates 
why heavy oils produce more stable emulsions. The continuous phase viscosity is related to 





the viscosity of both the continuous phase and interfacial film and even enhance the droplets 
diffusion rates.  
The last term is the gravity acceleration (𝑔), which justifies the use of centrifugal 
machines to separate the phases (Melo, 2007; Karcher, 2008). Hannisdal et al. (2007) employed 
the Stokes law to model the drag force in the coalescence process.  
An important point to emphasize is that the Stokes law is an analytical solution of the 
Navier-Stokes equation for the simplified flow case of non-interacting spherical droplets at low 
concentration with a monodisperse size distribution (Souza et al., 2015). Therefore, the equation 
presents the limitations of not taking into account the presence of other droplets and is only 
valid to low Reynolds numbers.   
For fluid particles in absence of surface-active components (surfactants), the internal 
circulation inside the particle reduces the drag force. The Stokes law can be modified to the 
Hadamard-Rybczynski equation, which considers the viscosities of the continuous (𝜇𝑐) and 





2/3 𝜇𝑐 + 𝜇𝑑
 (2.19) 
2.2.4. Rheological Behavior 
Emulsions have higher viscosities than their components, usually exhibiting non-
Newtonian behavior when concentrated (Langevin et al., 2004; Sztukowski and Yarraton, 2005; 
Karcher, 2008; Maindarakar et al., 2015). This effect is stronger in heavy oils, which tend to 
produce more stable emulsion due to reasons previously discussed, although, in some specific 
cases, the opposite effect can be seen and o/w emulsions can be induced to be formed in order 
to reduce heavy oils viscosities (Martínez-Palou et al., 2011).  
The rheological behavior depends, among other things, upon the droplet size 
distribution of the dispersed phase (Balinov et al., 1994; Malvern, 2012). Generally, the more 
homogenous the droplets size distribution and smaller the droplets, the higher the viscosity of 
the emulsion (Otsubo and Prud'homme, 1994). Figure 2.8 shows this tendency, illustrated by 






Figure 2.8. Apparent viscosities of emulsion blends with different mean diameters (Salager, 
1999 after De Oliveira, 2010). 
Pal (1996) observed that emulsions with fine dispersed phase droplets have much 
higher viscosities than the corresponding emulsions with big (coarse) droplets, as shown in 
Figure 2.9, since smaller droplets tend to be more rigid. The results obtained by the author also 
showed that shear-thinning effect becomes stronger as droplet mean size decreases.   
 
 
Figure 2.9. Viscosity vs. shear-stress for w/o emulsions (55% wt. dispersed phase) (Pal, 1996). 
Pal (1996) affirms that the observed increase in viscosity, upon reduction of droplet 
size, could be due to the reduction in the mean distance, thickness of the surfactant layer, high 





With the decrease in droplet size, the mean distance of separation between the droplets 
decreases, leading to an increase in hydrodynamic interaction and viscosity. Also, the thickness 
of the adsorbed surfactant layer with respect to the droplet size becomes important as the droplet 
size is decreased. Another point observed by the author is that the width of the particle size 
distribution, or polydispersity, generally decreases with the reduction in droplet size.  
For emulsions, the volume fraction of the dispersed phase could easily exceed the 
maximum packing concentration where the viscosity becomes infinite and the droplets may not 
remain spherical; they are deformed into polyhedral shape. The rheological properties of such 
highly concentrated emulsions are controlled by the network structure of thin liquid films of 
continuous phase formed between the droplets. Most rheological properties of these emulsions 
are directly related to 𝜎/𝑅, where 𝜎 is the interfacial tension and 𝑅 is spherical droplet radius. 
Therefore, with the decrease in droplet size, the yield stress, viscosity and elastic modulus are 
expected to increase significantly (Pal, 1996).  
According to Pal (1996) the presence of an electrical double layer on the surface of the 
droplets results in an increase in the viscosity, which is known as electroviscous effect. For 
dilute dispersions, the electroviscous effect is associated with the distortion of electrical double 
layer from spherical symmetry by the shear field. The Maxwell stress generated due to 
asymmetric electric fields tends to restore the symmetry of double layer, resulting in extra 
energy dissipation and an increase in viscosity.  
2.3 Dispersed Flow 
It is possible to characterize and represent the dispersed phase flow by using different 
approaches. The main forms of representation applied to centrifugal pumps are presented in the 
following subsections.  
2.3.1 Two-Phase Flow 
Flow of two immiscible liquids is encountered in a diverse range of processes and 
equipment, in particular in the petroleum industry, where mixtures of oil and water are 
transported in pipes over long distances. Accurate prediction of oil-water flow characteristics, 
such as flow pattern, water holdup and pressure gradient is important in many engineering 
applications. However, despite of their importance, liquid-liquid flows have not been explored 





Different flow patterns can be observed in liquid-liquid systems. According to Brauner 
(2004), in most of the reported studies the identification of the flow pattern is based on visual 
observations, photographic/video techniques, or on abrupt changes in the average system 
pressure drop. 
Brauner (2004) defines many possible flow patterns to liquid-liquid two-phase flow. 
The main classifications are: stratified layers with either smooth or wavy interface; large slugs, 
elongated or spherical, of one liquid into the other; dispersion of relatively fine droplets of one 
liquid into the other; and annular flow, where one of the liquids forms the core and the other 
liquid flows in the annulus. It is also possible a combination of these basic behaviors during the 









Figure 2.10. Multiphase flow patterns: a) stratified; b) large slugs; c) dispersed; d) annular 
(Brauner, 2004). 
Emulsions present a dispersed flow pattern, similar to Figure 2.10-c. In a specific 
point, a small change in the operational conditions can lead to a phenomenon where the 
continuous and dispersed phase spontaneously invert, called inversion point. It is usually 
defined as the critical volume fraction of the dispersed phase above which this phase will 
become the continuous phase (Brauner, 2004). Xu (2007) presents a review of oil-water two-
phase flow in horizontal pipelines, including measurement techniques and classical approaches 





2.3.2 Droplets Dynamics in ESP Systems 
According to Pal (1996), the droplets can be considered soft when either one or more 
of the following conditions are present: a significant electrical double layer is present on the 
droplet surface; the thickness of the surfactant layer is significant with respect to droplet size; 
the solvation or hydration of droplets is significant; and the droplets are deformable. 
Under significant local stresses, a fluid particle may not only deform but also breakup 
into two or more. The initial particle is sometimes called parent particle and the particles 
resulting from breakup are called children particles (Morales, 2009). According to Morales 
(2009), droplet breakup can occur due to cavitation collapse, internal boiling, particle-particle 
collisions, high relative velocities/ accelerations, high shear fields and turbulence.  
A wide variety of mechanisms, compounded with a large range of non-linear structures 
present in turbulent flows, can lead to a large spectrum of possible fluid particle breakup 
scenarios. These include: indentation due to high relative velocity, stretching due to high shear 
velocity, acceleration instability from Rayleigh-Taylor or shear instability from Kelvin-
Helmholtz modes (Morales, 2009). 
Although many models for droplets breakup and coalescence have been determined in 
the last years, most authors have employed the population balance modeling approach to 
investigate the relationship between both phenomena to determine the final droplet size 
distribution in a dispersed flow system (Alopaeus et al., 2002; Kotoulas and Kiparissides, 2006; 
Maindarkar et al., 2013; Wang et al., 2014). Besides, most of previous works studied cases in 
stirred tanks and for gas bubbles. Only a part of them had the focus of liquid droplets dynamics 
in a pipe flow, and even less attention has been given for emulsion flow in centrifugal pumps.  
In ESP systems, the breakup of droplets depends strongly on the flow characteristics. 
It will depend on the rotational speed, geometry of the impeller, geometry of the vessel and 
material properties of the continuous phase, such as viscosity and mass density (De Oliveira, 
2010).  
The turbulence provided by the valves and pumps present in the emulsion flow play 
opposed roles. At the same time it increases the droplets collision probability and, hence, 
reduces the interface stability, it can deform and breakup the exiting droplets, decreasing their 
size (Sztukowski and Yarraton, 2005; Morales et al., 2012). Smaller droplets are more difficult 





Although the majority of studies have been carried out for bubbles, some results have 
also been applied to droplets (Morales, 2009). 
2.3.3 Droplet Size Representation 
According to Morales (2009), the study of droplet size distributions (DSD) requires 
the use of probability descriptive functions for characterization of the droplet size population. 
The distribution of droplet sizes can be represented by mean values and graphically. The size 
of each droplet can be represented as a function of droplet diameter, area, volume, or weight. 
The choice of the most appropriate feature depends directly on droplet shape, size and the 
application.  
2.3.3.1 Droplet Shape and Size 
The overall form of a fluid particle can be characterized using parameters such as 
elongation, roundness and aspect ratio. The last one can be used to distinguish between droplets 
that have regular symmetry, such as spheres or cubes, and droplets with different dimensions 
along one axis, such as needle shapes or ovoid particles.  
The size of a spherical homogeneous droplet is defined by its diameter. For regular, 
compact fluid particles such as cubes or regular tetrahedral, a single dimension can be used to 
define size. Derived diameters are determined by measuring a size-dependent property of the 
droplet and relating it to a single linear dimension. The diameter therefore depends upon the 
measured property (Allen, 1997).   
The measured property can be the maximum or minimum length, weight, volume, 
surface or projected area, sieve aperture, perimeter or sedimentation rate (Malvern, 2012). 
According to De Oliveira (2010), the equivalent diameter value will vary according to the 






Figure 2.11. Illustration of different equivalent sizes for the same droplet (Malvern, 2012). 
2.3.3.2 Droplet Size Distribution 
According to Morales (2009), droplet size distribution can be represented graphically 
and mathematically. There are two possible representations: through density (frequency) size 
distribution curves and cumulative size distribution curves.  
In the first case, the droplet number increments are plotted versus droplet size, as 
illustrated in Figure 2.12. The droplets are classified in discrete droplet-diameter intervals, 
whereby all droplets falling in a given interval are considered as having the same diameter. 
 
Figure 2.12. Representation of a density size distribution curve. 
The size distribution represented in Figure 2.12 shows that fluid particles present sizes 





Figure 2.13 illustrates a cumulative distribution curve, where droplets below a given 
size are plotted as a percentage of the total number, total surface area, total volume or total mass 
of droplets versus droplet size. Therefore, it is a plot of the integral of the frequency distribution 
curve.  
The cumulative distribution shown in Figure 2.13 allows, for instance, to note that 
particles with sizes until 90 µm represent about 80% of total particle population. This type of 
representation is useful to understand the 𝑑10, 𝑑50 and 𝑑90 characteristics diameters. They 
represent the maximum droplet size that corresponds to 10, 50 and 90% of the total population. 
 
Figure 2.13. Representation of a cumulative size distribution curve. 
It is also possible to represent the distributions using different weightings, based on 
the number, area or volume of the total sample. In number weighted distributions, each particle 
is given equal weighting irrespective of its size. This is useful when absolute number of particles 
is important to be known or when high resolution is required. In area weighted distributions, 
the contribution of each particle relates to the area of the particle, i.e. the distribution refers to 
the percentage of area occupied by each particle size. An analogous procedure is used for 
volume weighting (Malvern, 2012). 
2.3.3.3 Mean Droplet Diameter 
According to Kubie and Gardner (1977), the use of mean droplets diameters in models 
can produce reliable results when a mathematical expression that represents the DSD is 





used to characterize a size distribution of droplets in dispersion because it permits to get 
information about number, diameter, surface area and volume of droplets. However, the mean 
droplet diameter does not provide information about the distribution itself.  
There are several ways to calculate the mean droplet diameter and each one is more 
suitable to a specific application. Table 2.1 presents the main definitions and their applications. 
Table 2.1. Mean droplet diameters (Adapted from: Otsubo and Prud'homme, 1994; Bayvel 
and Orzechowski, 1993 after Morales, 2009;). 
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3 Combustion Equilibrium 
The most commonly used form of mean diameter is the Sauter mean diameter (Angeli 
and Hewitt, 2000), which is defined as the diameter of a sphere that has the same 
volume/surface area ratio as the measured particle. It represents the most relevant diameter 
when specific surface area is important (Malvern, 2012).  
Other common diameters used to characterize the distribution are 𝑑10, 𝑑50, 𝑑90 and 
𝑑95, which account for the maximum droplet size that 10, 50, 90 and 95% of the droplets 
presents. The latter is also used to characterize the maximum droplet diameter.  
2.3.4 Model Evaluation Statistical Tools 
There are several mathematical procedures to compare results of models predictions 





the Mean Absolute Error (MAE) and the Mean Absolute Percentage Error (MAPE) (Madureira, 

























In equations above, 𝐸 is the actual experimental value and 𝑀 is the value predicted by 
the model.  
2.3.5 Size Distribution Experimental Determination 
There are many experimental techniques to determine the droplet size distribution. As 
a general rule, the results obtained with different types of instruments are identical for spherical 
particles. However, they vary considerably from one technique to another for asymmetric 
particles, needles, plates and multifaceted particles (Monnier et al., 1996; Oliveira, 2010). 
Furthermore, many authors alert that different techniques can give different particle size results 
for the same sample once they are based on different physical principles (Mingard et al., 2009; 
De Oliveira, 2010).  
Each method has a capability over a certain range of particle size. Table 2.2 
summarizes the particle size ranges in which each technique provides more reliable results.  
Besides a wide size range, it is desirable that the technique presents versatility to work in 
different measuring systems. Two techniques able to determine the size distribution in bench 





Table 2.2. Particle size ranges for different techniques (Malvern, 2002; Mingard et al., 2009). 




















Dynamic Light Scattering          
Electrophoretic Light 
Scattering 
         
Electron Microscope 
Images 
         
Automated Imaging          
Centrifugal Sedimentation          
Light Back-Scattering          
Gravimetric Sedimentation          
Electrozone Sensing          
Photo-optical methods          
Ultrasonic Sieving          
Air Jet Sieving          
Optical Image Analysis          
2.3.5.1 Optical Image Analysis 
The optical microscopy is a classic method based on image analysis. In this technique, 
individual particles images are captured from dispersed samples and analyzed to determine their 
particle size, shape and other physical properties (Malvern, 2012). This technique can be used 
in static imaging systems and dynamic imaging systems, i.e., flow conditions.  
Images of individual particles are captured using a digital camera with appropriate 
magnification optics for the sample in question. In dynamic imaging systems, the sample is 
typically illuminated from behind. Static imaging systems offer more flexibility in terms of 
sample illumination (Malvern, 2012). 
The optical microscopy is a method that gives very accurate results if used correctly 
(Balinov et al., 1994). Borges et al. (2015) affirms that microscopy can be considered a standard 
method to validate other methods, since this technique provides results from individual droplets 
measurements, without a robust mathematical data treatment. Another advantage appointed by 
the authors is the ability to examine opaque and concentrated systems without dilution. One 
must take the time to reach resolution and contrast values that allow obtaining good pictures 





2.3.5.2 Light Back-Scattering 
In the light back scattering, the particles are examined one at a time and their 
interaction is taken as a measure of their size. This technique is usually classified as a stream 
scanning method (Allen, 1997). 
In this technique, a light beam (laser) is focused on a focal point in the suspension to 
be analyzed, close to the probe, as shown in Figure 2.14. The focusing lens is subjected to an 
eccentric rotation, which causes the focal point to be displaced in a circular pattern, the 
amplitude depending on the distance from the focal point to the probe (Monnier et al., 1996). 
 
Figure 2.14. Principle of laser reflection measurement (Monnier et al., 1996). 
The particles on the trajectory of the focused beam reflect the light throughout the time 
they are scanned by the light ray. The optical pulses, which are originated from reflections on 
the particles in the suspension, are collected by the probe optics. They are converted by the 
detector into electronic signals, which are analyzed for their duration in the time domain 
(Monnier et al., 1996). 
A discrimination loop sorts impulse for short rise times. Only impulses originated from 
particles that pass directly through the focal spot will possess a short rise time and will be 
accepted. All particles which pass elsewhere than in the focal point will give pulses of much 
longer rise time and will be eliminated (Monnier et al., 1996). 
Furthermore, this focal point is scanned at a constant rotational speed so that the time 
the laser beam takes to scan the particle, and thus the reflection time, is a direct measure of the 





The confidence on the determination assumes that the equipment meets certain 
conditions. The light intensity at the focal point must be sufficiently strong for the back-
scattering light to be detected at the probe. Also, the focusing of the light must be such that the 
beam section on the focal plane is at least as small as the smallest of the particles to be detected. 
The amplitude of displacement of the focal point, however, has to be larger than the size of the 
largest particle to be detected (Monnier et al, 1996).  
2.4 Main Studies 
Ward and Knudsen (1967) studied the friction losses, velocity profiles and DSD of 
liquid-liquid dispersions in turbulent flow. They observed that the circulating pump appeared 
to be the location of high rate of droplet breakup in the system and that the coalescence was 
predominant at locations of low shear. The mean droplet size increased with dispersed phase 
concentration and showed different trends with flow rate.  
Balinov et al. (1994) used the nuclear magnetic resonance (NMR) self-diffusion 
technique to characterize w/o emulsions in a 10 to 50 vol. % water content range. They used 
optical microscopy to verify the accuracy of the method. The droplets were accounted in a 2 to 
30 µm range and emulsion polydispersivity was described by a log-normal distribution.  
Nädler and Mewes (1997) studied the flow of two immiscible liquids (water and 
mineral oil) in a horizontal pipe and observed the formation of unstable emulsions. The w/o 
emulsions produced the maximum values of pressure drop in the pipeline and the minimum 
results were in the order of the pure water flowing alone, when o/w emulsions were formed.  
Angeli and Hewitt (2000) acquired data of DSD during o/w and w/o (3.4 to 9 vol. %) 
flow in horizontal test sections using a video recording technique, which employed an 
endoscope. Experimentally, the droplet diameter was determined based on a geometric mean 
of the major and minor drop axes 𝑑𝐴 and 𝑑𝐵 and presented large droplets, in the 100 to 2200 
µm range. The data collected was satisfactorily represented by the Rosin-Rammler distribution 
and the DSD was strongly influenced by the pipe material, nature and velocity of the continuous 
phase. 
Hannisdal et al. (2006) studied stabilizing properties of four different types of 
commercially available silica nanoparticles. For this, they performed emulsion stability 
measurements and DSD determinations. A digital video microscope (DVM) was used to 





Image Plus 5.0 to give the Sauter diameter and the volume distribution of droplets. Droplets 
were accounted in the 10 to 110 µm range.  
Khalil et al. (2008) investigated the performance of centrifugal pumps operating under 
flow of stable and unstable o/w emulsions. The decrease in concentration of the continuous 
phase (water phase) and temperature caused an increase in the head reduction. The authors also 
observed that unstable emulsions showed less decrease in the head than the stable emulsions 
when compared to water pumping. The authors concluded that the decrease in the hydraulic 
efficiency occurs due to the rheological behavior of the fluids. 
Frange and Garcia (2009) studied the stability of olive o/w emulsions (10 vol. %) and 
determined the particle size distribution by a light scattering technique. Droplets in a 0.4 to 6.5 
µm range were recognized.  
Boxall et al. (2009) measured water droplet sizes in crude oil emulsions, in a mixing 
cell, using an in situ particle video microscope (PVM) and a focused beam reflectance 
measurement (FBRM) probe. They noted that the Sauter and arithmetic mean diameters were 
found to maintain the same constants of proportionality with the maximum droplet size for 
different distributions. The droplet size distribution (droplets in the 1 to 313 µm range) was 
determined to be independent of the dispersed phase volume fraction for the range 10-20% and 
it was represented by a log-normal distribution.  
Plasencia et al. (2013) performed a comparative study of pipe flow of water/ crude 
petroleum emulsions (9 to 58% water cut). The formation of the emulsions was induced by the 
flow shear rate itself by circulating the o/w mixture in a closed loop system. The in-situ DSD 
was evaluated using a focused beam reflectance measurement probe (FBRM) and droplets in 
the 1 to 1000 µm range were accounted. They observed that higher shear rates and lower 
interface tensions lead to the formation of smaller droplets. The opposite occurred as the amount 
of dispersed water increased and it got closer to the inversion point.  
Rodionova et al. (2014) prepared a reference fluid mimicking properties of a heavy 
crude oil. The w/o emulsions (0 to 70 vol.%) of both fluids were investigated with respect to 
droplet sizes during flow experiments and pipeline flow behavior. The authors observed that 
the effective viscosities of the emulsions, prepared with petroleum and model fluid, showed 
similar behavior with different water fractions during pipeline flow and that the flow rates 





and a population of larger droplets was generated. Most droplets were accounted in the 5 to 100 
µm range, approximately.   
Venkataramani and Aichele (2014) quantified w/o emulsion (5 to 20 vol. %) DSD in 
flowing conditions using an inflow microscope, as a function of water concentration, flow rate, 
temperature and stabilizing agent type and most droplets laid in the 1 to 50 µm range. The 
results indicated that for the solid-stabilized emulsions, only the water concentration had an 
overall impact on the size distributions. For the surfactant-stabilized emulsions, parameters as 
temperature, flow rate and water concentration also altered the DSD.  
Borges et al. (2015) evaluated the DSD of w/o emulsions using near infrared (NIR) 
spectroscopy and optical microscopy. The experiments were performed with different water 
contents (3.91 to 14.15 wt%) and in a pipeline pressurized at pressures up to 30 bar. Droplets 
in the 1 to 50 µm range were accounted. 
Maindarkar et al. (2015) performed studies of DSD of o/w emulsions (10.79 to 52.13 
vol. %) to test a population balance equation. Droplet size distributions were measured using 
static light scattering and droplets were presented in a 0.1 to 100 µm range.  
Zhang et al. (2015) studied the DSD of o/w dispersions flowing under different shear 
conditions in a gear pump. The droplets decreased in diameter with the shear intensity and 
increased with the dispersed phase fraction. The authors used the Log-normal and Rosin 
Rammler distribution models to represent the data.  
Schmitt et al. (2016) performed a comparative study of w/o emulsions prepared with 
two mineral oils and one heavy petroleum. The authors analyzed the effects of water content, 
agitation speed, oil phase viscosity and aging on the droplet size distribution. It was verified 
that the more viscous mineral oil was a potential model fluid to represent the heavy petroleum 
with respect to microscopical characteristics.  
The most significant work performed in the last years associating emulsion flow and 
droplet size distributions in centrifugal pumps was performed by Morales et al. (2012). The 
authors performed a theoretical and experimental study on droplet formation in o/w emulsions 
(50 and 75% water cut) flowing through a centrifugal pump. The DSD was acquired by the 
frequency dependent ultrasonic extinction probe (OPUS), which converts the sign into 
distribution by a mathematical algorithm. Droplets in the 1 to 430 µm range were accounted in 





noted that the Rosin-Rammler distribution was the most likely to describe the data. They noted 
that the higher the pump speed, the smaller the droplet size, and argued that the breakup mainly 
occurs in the rotor of the pump and not in the volute. This decrease in size occurred until 40% 
of the maximum speed of the pump and above it the maximum droplet size became a stable 
value. Inlet droplet size seemed to have no effect on outlet droplet size distribution according 
to the results. The mixture flow rate and water cut showed a weak influence on the distribution. 
Figure 2.15 shows the probability density distributions obtained for different shearing.  
 
Figure 2.15. Density distribution at 20 gpm and 50% water cut (Morales et al., 2012). 
  Considering the works performed in the last decades, the only few that associated pump 
performance with DSD employed single stage pumps, with volute casing and a mineral oil with 
low viscosity to simulate the petroleum. Therefore, the present work has the contribution of 
studying a flow system equipped in conditions one step closer to the ones in the production 











3 EXPERIMENTAL PROCEDURE  
This chapter presents a description of the emulsions characterization, the ESP flow 
loop and the probes used to measure the droplet size distribution. A preliminary set of tests was 
performed in order to study the probes response in different conditions. The procedures and 
results of these preliminary tests are present in the Appendix A.  
Some physicochemical experiments performed with stabilized emulsions are present 
in 3.1. In the ESP flow loop, the pump performance curves were determined in three rotation 
speeds and four water cuts (WC). Then, the pump efficiency and droplet size distribution was 
determined in different water cuts. The pressure drop in a straight line was also studied. These 
tests are explained in section 3.2 and the experiments matrix is shown in Table 3.1. The droplet 
size measurement probes used are detailed in section 3.3. 
Table 3.1. Flow experiments in ESP flow loop. 
Stage Test Operational Conditions 
1 Performance Curves 
2400; 3000; 3500 rpm 
20; 40; 60; 80% WC 
2 Inversion Curves 
2400; 3000; 3500 rpm 
1 - 100% WC 
3 Two-phase Flow in Line 1 - 100% WC 
The small scale experiments (fluid characterization and bench tests) were performed 
at Laboratório de Garantia de Escoamento (LGE/CEPETRO/UNICAMP) and are explained in 
section 3.1. The flow experiments (in ESP flow loop) were performed at Laboratório 
Experimental de Petróleo (LABPETRO/UNICAMP). Section 3.4 presents the modeling 
approach used for distribution data. In this work, droplet size distribution is referred as DSD.  
3.1 Working Fluids  
The working fluids used in this study are distilled water (used in bench tests), tap water 
(used in flow experiments) and mineral oil (brand AGECOM). The distilled water was obtained 
in a Vexer distiller located at LGE Laboratory and the mineral oil was marketed by a local 
company. The criteria for selecting this oil were: fast separation, being nonhazardous and non-





3.3.1 Inversion Point 
The inversion point of hydrodynamic stabilized emulsions was investigated in bench 
tests at ambient temperature. For this, small amounts of water (2 mL) were added to an oil 
sample (100 mL) while the conductivity was monitored. The procedure was performed by 
immersing a platinum electrode into the oil volume and measuring the electrical conductivity 
with a conductivity meter (Micronal B330). The cell constant was adjusted with a KCl 0.1 
mol/L solution prior to each experiment.  
Two types of equipment, with different stirring mechanisms, were used: an Ultraturrax 
(IKA, T18) at 18000 rpm, and a Mechanical stirrer (Fisatom, 715) at 2000 rpm (Figure 3.1).  
3.3.2 Interfacial Tension 
The interfacial tension between the mineral oil and water was determined in a pendant 
drop tension meter (Sinterface® PAT-1M). It was produced an oil droplet (~70µL) inside a 
water sample with a 2 mm radius curved needle. The interfacial tension was measured in 5 
seconds interval during 10 minutes using the Emerging Bubble method. The experiments were 
performed at 293.15, 298.15 and 300.15 K. 
3.3.3 Rheological Behavior 
For the rheological measurements, the emulsions needed to be stabilized with 
emulsifiers. The stabilized emulsions were prepared adding 5 wt.% of a blend of two 
emulsifying agents (4% of polyoxyethylene sorbitan-Tween SP 80, and 96% of sorbitan 
monooleate-Alkest SP 80) to the mineral oil phase, which was homogenized with a glass 
stirring rod for about 1 minute.  
The necessary volume of distilled water was added to the mixture according to the 
water content defined for each emulsion. This mixture was homogenized for 2.5 minutes in an 
Ultraturrax (IKA, T18) at 10000 rpm. In total, four synthetic emulsions were prepared (9.52; 













Figure 3.1. Stirring equipment: a) Ultraturrax (IKA, T18) b) detail of shear modulus; c) 







The first flow curves were performed immediately after the emulsions were prepared. 
After 24 hours, new flow curves were obtained. The tests were performed in five different 
temperatures (293.15, 298.15, 303.15, 308.15 and 313.15 K).  
All the rheological experiments were conducted by using a rotational rheometer 
(HAAKE, MARS III) with a cone-plate geometry (d = 60 mm; angle = 1°; gap = 0.052 mm) in 
a shear rate range from 1 to 200 s-1. The viscosity curve for the mineral oil was also determined 
from 293.15 to 313.15 K at a constant shear rate of 10 s-1. This low value of shear rate was 
chosen in order to facilitate the temperature control during the experiments.  
3.3.4 Emulsion Density 
The density values were obtained from the same stabilized emulsions prepared for the 
rheological experiments and in the same temperatures. All density determination was 
performed in a vibrating tube densimeter (Anton-Paar, DMA 4500). Distilled water and oil 
densities were also determined under the same experimental conditions.  
3.2 ESP Flow Loop 
The ESP testing system, compounded by storage tanks, flow lines, a heat exchanger, 
flow rate meters, temperature sensors and pressure meters, is a closed flow loop that allows to 
direct the mineral oil and water towards the ESP pump, while measuring the main variables. 
The loop is located at the LABPETRO laboratory. Table 3.2 presents a detailed description of 





Table 3.2. Main equipment present in the ESP flow loop. 
Equipment Brand Model 
Oil booster pump IMBIL 
Positive Displacement Pump (Rot. 435 rpm; max 
flow rate: 100.00 m³/h) 
Water booster pump IMBIL 






Nominal Capacity = 12000 L (Dim. 2000 x 4155 
mm; max temp. 60°C) 
Water flow rate meter MicroMotion 
F300S355CCAZPZZZZ (flow rate range: 150 – 
3000 m³/h) 
Oil flow rate meter MicroMotion 
F300S355CCAZPZZZZ (flow rate range: 150 – 
3000 m³/h) 
Mixture (oil + water) 
flow rate meter 
MicroMotion F Series (flow rate range: 150 – 3000 m³/h) 
Oil booster frequency 
invertor 
CFW – 700 




CFW – 700 





WEQ – Vecture Inverter (Inlet 50/60 Hz; Output: 0-
300 Hz) 
Heat Exchanger FYTERM T-3480 shell and tube (heat capacity: 52795 kcal/h) 
Chiller Carrier 30 RA/RH  (Nominal power: 61.4 kW) 
Torque meter MBW T20WN (max rot. Speed = 16 000 rpm) 
Choke Valve Fischer 657 Globe valve 
The fluids are directed to the ESP pump by a 3-inches pipeline. The mineral oil is 
pumped by a booster pump and has its temperature controlled by a heat exchanger connected 
to a chiller with water counter flow. The temperature of all experiments was controlled using 
this system. Pictures of the system are present in Annex A. 
Water is also injected in the ESP pump by a 3-inches pipeline and both the fluids meet 
at the pump entrance, where they are mixed and flow upwards to the pump stages. Both the 
water and mineral oil flow rates are measured in a point before pump entrance using Coriolis 
flow meters. The water cut needed for each experiment is stablished by adjusting the water and 
oil flow rates. The flow rates are controlled by adjusting the booster pumps rotation speeds, 






Figure 3.2. Schematic representation of ESP flow loop test. 
During the ESP pumping, the pressure before and after each pump stage was 
monitored. The choke valve, located at the pump outlet was used to prevent cavitation inside 
the pump. The flow loop was closed, so, after the pump outlet, the fluids were directed to a two-
phase separator tank, where the gravity separated them to be pumped again by each booster 
pump.  
The system was controlled in a supervisory LabView® Platform, which was integrated 
to PID controllers.  
3.2.1 ESP Pump 
The ESP pump P100LS (Bakes Hughes) has 8 stages with a diffuser type casing and a 
mixed flow impeller (diameter 0.108 m). This pump model was selected considering the 
laboratory physical limitations and the high applicability of this geometry in industry. The pump 






Figure 3.3. ESP pump inlet and water and oil lines. 
3.2.2 ESP Performance Curves 
The performance curves were obtained in three rotation speeds (2400, 3000 and 3500 
rpm) and four water cuts (20, 40, 60 and 80%). The first experiment aimed to test the 
reproducibility of the system and was performed at 2400 rpm with 50% WC in different days.  
The procedure to determine the performance curves consisted in activating the oil and 
water booster pumps and adjusting their rotation speeds so that the open flow point was 
established to a specific water cut. The open flow point corresponds to a zero pressure gain and 
is a condition of high flow rate. The bypass valve, located near the heat exchanger, was 
controlled so that the temperature in the pump inlet was maintained at 300.15  0.40 K during 
all the tests. This temperature was carefully controlled, once the mineral oil viscosity changed 
significantly with the temperature.  
After the stabilization of the stage pressures at the ESP pump, the experimental data 
set was stored during 30 seconds. Then, the rotation speeds of the booster pumps were slowed 
down, the water cut was adjusted and another data set was stored. This procedure continued 





maximum. About 12 data set were registered for each performance curve and each of them 
corresponds to the mean of 30 experimental points. The variables measured during each 
experiment are presented in Table 3.3 and the ones calculated from them are present in Table 
3.4 and Table 3.5 (Equations 3.1 to 3.19). 
3.2.3 ESP Inversion Curves 
The inversion curves were obtained in three rotation speeds (2400, 3000 and 3500 
rpm) and water cut interval of 10-100%, in steps of 5%. A reproducibility test was performed 
in different days under the same operational conditions (2400 rpm - Oil→Water and 
Water→Oil way).  
In the first set of tests, the oil booster pump was first activated and only fluids from 
the oil line were injected in the pump entrance. The water cut was gradually increased injecting 
water by the water line (Oil→Water path). In the second step, the oil booster pump was 
deactivated and 100% water was injected in the pump through the water line. The water cut was 
gradually decreased by injecting oil by the oil line (Water→Oil path). 
All the inversion curves were obtained varying the water cut but the total flow rate, 
related to the water and oil lines, was maintained equal to 20 ± 0.25 m³/h. The temperature was 
maintained at 293.15 ± 0.40 K in the pump entrance. The performance of the ESP pump and 





Table 3.3. Variables measured in the ESP experiments using the data acquisition system. 
Variable Symbol 
Pressure before and after each pump stage (bar) 𝑃𝑛 
Oil line flow rate (kg/h) ?̇?𝑜 
Water line flow rate (kg/h) ?̇?𝑤 
Auxiliary line (emulsion) flow rate (kg/h) ?̇?𝑎 
Oil line density (kg/m³) 𝜌𝑚𝑖𝑥 
Temperature at oil line (°C) 𝑇1 
Temperature at pump inlet (°C) 𝑇2 
Temperature at pump outlet (°C) 𝑇3 
Temperature at mixture line (°C) 𝑇4 
Torque (N.m) 𝜏𝑠ℎ𝑎𝑓𝑡 
Current (A) 𝐼 
ESP Rotation Speed (rpm) 𝑁 
Pressures in mixture returning straight line (bar) 𝑃𝑙𝑖𝑛𝑒𝑛 
Table 3.4. Fluids properties calculated from the data acquired in the ESP experiments. 
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Table 3.5. Operational variables calculated from the data acquired in the ESP experiments. 
Variable Symbol Mathematical Expression 



















Emulsion (oil + water) 
volumetric flow rate 
(m³/h) 





Water cut in oil line 
(%) 



























Hydraulic power (W) 𝑃ℎ 𝑃ℎ = 1000
𝑄𝑒
36
(P9 − P1) (3.15) 
 







































3.2.4 Two-Phase Flow in Pipeline 
The pressure drop at the mixture (oil + water) returning line was measured for different 
water cuts (10 to 100%) in a 2.010 m straight section with 0.082 m diameter, between the pump 
outlet and the separator tank injection: 





The pressures were measured after a straight section of 5.60 m and the experiments 
were performed in the two experiment ways (Oil→Water and Water→Oil), after the fluids 
flowed through the ESP pump at 2400, 3000 and 3500 rpm.  
3.2.5 Droplet Size Distribution after ESP Pump 
The droplet size distribution was measured in an auxiliary 1-inch pipeline. The 
diameter ratio between the main line and the auxiliary line was of 3/1. This line presented two 
entrances: one in the oil line and another in the mixture (oil + water) returning line, between 
the pump outlet and the choke valve. Two ON/OFF type valves controlled from which pipeline 
the fluids were redirected to flow through the probes windows. When one of these valves was 
opened, either part of the oil flow (Valve 1) or part of the mixture flow (Valve 2) was redirected 
to the auxiliary line (Figure 3.2) and had its DSD measured in the probes windows. A third 
valve, placed after the probes was used to control the flow rate in 1000 kg/h for all the 
experiments. This flow rate was established based on the manufacturer’s recommendations.  
During these experiments, the Valve 2 was maintained open, so the distributions 
measured corresponded to the fluids dispersion after the ESP pump outlet.  
When the experimental conditions were set and the pressure measurements were 
stable, the droplet size distribution was monitored by the ORM and IVM probes during about 
3 minutes. After the distributions stabilized, their data were registered for 30 seconds and the 
mean distribution determined. The ORM laser power was set to 1.0 mW power laser. The 
distributions were characterized by density probability distributions, cumulative distributions, 
droplets account and Sauter mean diameter. 
The water cuts studied were 40, 60 and 80% and the rotation speeds 2400, 3000 and 
3500 rpm. The experiments were performed in the Oil→Water and Water→Oil ways. 
3.2.6. ESP Pump effect on the Droplet Size Distribution  
With the ESP pump rotating, mineral oil was pumped through the oil line. No water 
was injected from the water line during these experiments. The oil contained some residual 
water present due to the inefficiencies in the two-phase separator and its content could be 





First, the Valve 1 was open and the DSD of the dispersion before the pump inlet, shown 
in red in Figure 3.4-a, was monitored. After it stabilized, the data were registered for 30 seconds 
and the mean distribution calculated. The Valve 1 was closed and the Valve 2 was then open, 
so the probes measured the DSD after the pump outlet, shown in green in Figure 3.4-b. The 





Figure 3.4. Fluids path during ESP Pump effect on the DSD experiments:                               
a) Determination of Inlet DSD; b) Determination of Outlet DSD. 
This procedure was performed for three rotation speeds (2400, 3000 and 3500 rpm). 
Two results were obtained for each rotation speed, one in each experiment way (Oil→Water 
and Water→Oil). 
3.3 Droplet Size Measurement Probes 
Probes based on two different measurement principles were used in this study. The 
ORM IPAS (In situ Particle Analysis System based on Optical Back Reflectance) and the IVM 





3.1.1 Light Back-Scattering Probe (ORM) 
The ORM probe measures size, number and distribution of droplets in dispersions by 
quantifying the optical back reflection and is able to capture the signals of particles with sizes 
of 0.5 to 3000 µm. The laser source is adjustable in a range of 0 to 10 mW. The optimum power, 
i.e. that matches analytical sensitivity and signal stability, was defined by changing the laser 
power in standard particle dispersions systems, with known size and distribution. Figure 3.5 
shows the ORM probe.  
 
Figure 3.5. ORM Probe (Sequip). 
This particular system uses the Shadow Surfaces technology. After the laser beam 
leaves the optical fiber (shown as a solid line in Figure 3.6), it passes through coupling and 
focusing lens and reunites at the focal point scanning the sample in a spiral orbit. Then, the light 
hits a droplet at the focal point and the reflected light is sent back to the sensor. The measured 
shadow area is transformed in a diameter by a mathematical algorithm, which considers a 
theoretical droplet (𝑑𝑒𝑞) with the same projected area as the measured one (𝐴𝑑𝑟𝑜𝑝𝑙𝑒𝑡), as shown 










Figure 3.6. Laser beam path (Sequip, 2012). 
The data obtained is exhibited in the MCSA software, which displays the histogram 
and cumulative curves for each experimental point acquired. Moreover, it provides the 
historical of quantity of droplets measured. As recommended by the supplier, the software was 
set to display an average result of 30 single measurements. 
The threshold parameter, which represents the sensitivity of the instrument, was 
adjusted in water previously to all the experiments.  
3.1.2 Image Video Probe (IVM) 
The IVM probe (Figure 3.7-a) determines droplet characteristics from images, 
working like a light transmission microscope, capturing and analyzing images in real-time. The 
setup of the probe is composed by a strong LED light on the opposite side of the camera capture 
window, as shown in Figure 3.7-b. The flow passes through the 5 mm gap formed between the 
light source and the camera window.  
The images obtained by the probe are analyzed by the IVM/PIA ISPV 1.1.8.0 software 
(Figure 3.8). Each data point was an average of 15 single measurements and the software 
provides information of DSD and droplet diameters. Parameters as LED intensity, shutter time 
and gain were set so that the droplets presented an appropriate contrast during the flow.  
The background image was computed by the software from integrating several 
previous images, cancelling out constant droplets visible in it. It prevents that dirt particles or 
droplets that eventually get attached to the window are continuously counted. To compute the 









Figure 3.7. Insitu Video Microscope (Sequip): a) Probe; b) Gap between LED source and 
camera. 
 
Figure 3.8. IVM PIA ISPV software: Image of particles during preliminary tests. 
The droplet size results provided by this probe are based on equivalent diameter, i.e. 
the diameter of a sphere with the same projected area as the measured particle. The droplet size 
is presented in a histogram of DSD and droplet shape was characterized by ellipse ratio, 
geodesic length, thickness and needle ratio.  
3.4 Distribution Fitting Analysis  
The experimental data were evaluated based on classical models. The results of DSD 





normal and Weibull/ Rosin-Rammler distribution models were tested by a Kolmogorov-
Smirnov Test (α = 0.05). The fitting was performed using the maximum likelihood estimates 
method (MLE), with accuracy of 1E-6 and maximum iterations of 1000. Detailed information 



























4 RESULTS AND DISCUSSION  
In this chapter, the results obtained in the stages of physicochemical characterization 
of emulsions will be presented and discussed in 4.1. The pump performance curves will be 
presented and discussed in 4.2. The inversion curves and the corresponding pump stages 
performances will be discussed in 4.3 and 4.4. In 4.5, the two-phase flow in a straight pipeline 
will be presented and discussed and the droplets distribution will be discussed in 4.6 and 4.7. 
The DSD classical models fitting is presented in 4.8. 
4.1 Working Fluids 
The mineral oil used in this work was studied by Schmitt et al. (2016) regarding to the 
properties of the w/o emulsions that it produces. The authors performed a series of DSD 
determinations varying parameters during the preparation of the emulsions, as water fraction, 
disperser rotation speed, continuous phase viscosity and aging and verified that this specific oil 
produces emulsions with microscopic characteristics similar to emulsions formed with a heavy 
petroleum. Thereby, the choice of this mineral oil as a model fluid to represent a heavy 
petroleum is supported by the study of Schmitt et al. (2016).  
In this section, the results of the bench characterization tests (inversion point, 
interfacial tension, density and rheological behavior) performed with the mineral oil and the 
stabilized emulsions, will be presented and discussed. A summarize of the mineral oil typical 












SINTERFACE® PAT-1M Pendant Drop 30.88 ± 0.04 
Interfacial Tension (mN/m) SINTERFACE® PAT-1M Emerging Bubble 39.33 ± 0.59 
Viscosity (mPa.s) 




200.0 ± 1.0 
Density (kg/m³) ANTON-PAAR® DMA 4500 Vibrating Tube 883.91± 0.01 
4.1.1 Inversion Point 
During the inversion experiments, the system was maintained under constant stirring. 
The rotation speed produced homogenous emulsions during the measurements but this speed 
could not be too high in order to avoid bubble incorporation. No emulsifier was added to the 
system in order to stablish experimental conditions as close as possible to the ESP pump 
impeller.  
The Ultraturrax stirrer provides agitation by using a rotor-stator principle. The system 
consists of a rotor within a stator. Due to the high circumferential speed, the medium to be 
processed flows axially into the dispersion head and is then forced radially through the slots in 
the rotor-stator arrangement. The high speed and small gap between rotor and stator produces 
a strong shear force, which results in the water droplets formation (IMLAB, 2016).  This method 
was able to produce stable w/o emulsions until 26% of water content, as shown in Figure 4.1. 
The mechanical stirrer (Fisatom) had a 3-bladed propeller stirrer, which allowed the 
fluids to circulate axially from the bottom to the top of the beaker, producing a stable w/o 
emulsion until 38% of water content.  
At initial points, when the conductivity is low, the continuous phase is the mineral oil. 
The added water is rapidly dispersed into small droplets, and the conductivity stays close to the 
continuous phase conductivity. When the water content reaches a critical value, it becomes the 
continuous phase and the oil phase breaks into small droplets and becomes the dispersed phase. 
The oil droplets coalesce more quickly after the inversion point, producing an unstable 








Figure 4.1. Conductivity of hydrodynamic stabilized w/o emulsions under constant stirring 
and different water content. 
The results in Figure 4.1 also indicate that the stirring method altered the inversion 
point of the water/mineral oil system. The Ultraturrax provides a strong shear due to the small 
space, which leads to more droplet breakage, but the stirring acts in a small area of the beaker. 
The mechanical disperser does not have a shear effect as strong as the Ultraturrax, but it 
provides a higher homogenization area, reaching almost all the emulsion volume presented in 
the beaker.  
As the influence of stirring method on the inversion point seems to be linked to the 
space that the stirring acts, the fluids volume also has the potential to alter the inversion point. 
Experiments performed with higher amounts of fluids are expected to present lower inversion 
points since the volume to be homogenized would be higher.   
As it will be shown in the ESP Inversion Curves results, the emulsion inversion in the 
Ultraturrax occurred in a water content closer to the observed in the ESP pump, what can 
indicate that this bench stirrer stablishes a dispersed flow more similar to the pump than the 
Fisatom stirrer.   
4.1.2 Oil-Water Interfacial Tension 
The interfacial tension is related to the unbalanced intermolecular forces in an interface 





between molecules of both fluids, which makes the interface a high energy region. This 
information is important in the study of emulsions because the interfacial tension that arises 
from these interactions difficult the mixture between the immiscible phases. The results in 
Figure 4.2 show that, for higher temperatures, the interfacial tension is lower and thus, the oil 
dispersion into the water phase is favored.  
 
 
Figure 4.2. Interfacial tension of mineral oil in water in function of time. 
The reduction in the interfacial tension with the temperature occurs due to changes in 
the oil components in the interface. The results indicate that the interfacial tension presents a 
kinetic behavior and the experiment time was not enough to reach the steady state. The final 
value for each temperature was of 40.11 for 293.15 K, 36.39 for 298.15 K and 32.50 mN/m for 










4.1.3 Rheological Behavior 
The viscosity curve of the mineral oil used is shown in Figure 4.3.  
  
Figure 4.3. Mineral oil viscosity as a function of temperature. 
The experimental points in Figure 4.3 were adjusted to an exponential model (Equation 
4.1) and the parameters of the model are presented in Table 4.2.The mean error was of 1.6%.  
𝜇𝑜 = 𝑘𝑎1exp (𝑘𝑎2 𝑇) (4.1) 





The first emulsions flow curves were determined immediately after the samples were 
prepared. These curves showed different tendencies than expected regarding the variation of 
the apparent viscosity with the temperature, suggesting that some droplets phenomena could 
still be occurring and the emulsions were not in their stable state.  
The flow curves for the stabilized emulsions obtained after 24 hours indicated decrease 
of the viscosity with temperature, as expected, and different rheological behaviors for the 














Figure 4.4. Flow curves for stabilized emulsions in different water contents and temperatures: 
a) 9.52; b) 18.25; c) 27.52 d) 37.14 %vol. 
The emulsion presented Newtonian behavior only for the sample with 9.52% of water 
content. The flow curves with 18.25%, 27.52% and 37.14% water content deviated from the 
Newtonian behavior and were fitted to the rheological power law model, shown in equation 4.2. 
𝜏 = 𝑘𝑝?̇?
𝑛𝑝 (4.2) 
The rheological parameters of the power law model are shown in Table 4.3, as well as 
the mean error calculated using the MAPE approach. The behavior index (𝑛𝑝), which is 
physically related to the deviation degree of the fluids from the Newtonian model, was less than 





theory related to this rheological model states that, when shear (𝜏) is applied, the dispersed 
phase droplets are deformed by the shear field (?̇?) and become aligned to it, favoring the flow 
and reducing the apparent viscosity at higher shear rates.  
Table 4.3. Power law parameters of the stabilized emulsions. 
Water Content (vol. %) Temperature (K) n (-) k (Pa.sn) Mean Error (%) 
18.25 293.15 0.4704 3.4204 0.008 
18.25 298.15 0.4447 3.521 0.030 
18.25 300.15 0.4321 3.5866 0.004 
18.25 303.15 0.4243 3.533 0.028 
18.25 308.15 0.4175 3.3607 0.020 
18.25 313.15 0.403 3.1856 0.005 
27.52 293.15 0.5456 1.6259 0.001 
27.52 298.15 0.5174 1.7797 0.025 
27.52 300.15 0.5158 1.5695 0.031 
27.52 303.15 0.5117 1.4951 0.005 
27.52 308.15 0.502 1.4505 0.002 
27.52 313.15 0.5008 1.3214 0.014 
37.14 293.15 0.6228 0.7794 0.043 
37.14 298.15 0.5965 0.8178 0.018 
37.14 300.15 0.5902 0.7798 0.017 
37.14 303.15 0.5986 0.6487 0.005 
37.14 308.15 0.5956 0.6256 0.008 
37.14 313.15 0.582 0.6726 0.017 
The behavior index increased with the water content and slightly decreased with the 
temperature for most of the results, as shown in Figure 4.5-a. This indicates that, as the water 
content increases, the emulsions shifted to a behavior more similar to Newtonian.  The 










Figure 4.5. Power law parameters in different temperatures: a) flow behavior index; b) 
consistency index. 
The consistency index (𝑘𝑝) has a similar physical meaning to the dynamic viscosity: 
it accounts for the resistance degree that the fluid presents to flow. The results in Figure 4.5-b 
indicate that the consistency index decreased with the water content, which indicates that the 
more concentrated emulsions need less energy to flow. This index did not change significantly 
with the temperature.  
The apparent viscosity of the stable emulsions was also analyzed in two shear rates: 
50 and 100 s-1. The viscosity decreased with the temperature for all the emulsions studied, as 
shown in Figure 4.6, and this variation was smaller for the emulsions with more water. This 
probably occurred because, as the temperature rises, the distance between the molecules also 










Figure 4.6. Apparent viscosity at constant shear rate in different temperatures and water 
contents: a) 50 s-1; b) 100 s-1 
Figure 4.6 shows that the 9.52% w/o emulsion presents a different behavior in 
comparison to the other emulsions. It is possible that the w/o emulsion turned into an o/w 
emulsion when the water content reached a value between 9.52 and 18.25%. Comparing the 
viscosity for the three more concentrated emulsions, the 18.25% presented the higher results in 
most temperatures, reinforcing the idea that the water was no longer the dispersed phase, but 
the continuous one.  
This idea can also explain the difference in the viscosity variation with the temperature. 
The mineral oil viscosity changes more significantly with the temperature than the water, so, 
when the oil constituted the continuous phase (9.52 vol. %), the final emulsion viscosity was 
also more sensitive to the temperature. 
Considering the results obtained in the inversion point experiments (Figure 4.1), the 
results in Figure 4.6 show that inversion seems to occur in different water contents depending 
upon the way the dispersion is produced.  
4.1.4 Emulsion Density 
The surfactants used to stabilize the emulsions allow them to be homogenous for 
longer periods of time, which is required for the density determination in the vibrating tube 





The stabilized emulsion densities suggest a linear variation with the temperature for 
all the water contents studied, as shown in Figure 4.7. The density is inversely proportional to 
the volume, so the dilation that occurs with the temperature, leaded to the density decrease.   
 
 
Figure 4.7. Density of fluids and emulsions in different temperatures. 
Regarding to the water concentration, the results show that, as the water content 
increases, the emulsion density becomes closer to the water density.  
As can be seen in Figure 4.7, the density was determined at 300.15 K for the mineral 
oil, water and 9.52 vol.% emulsion. These measurements were performed in an attempt to 
develop a procedure to verify the water content in the oil line in the ESP flow loop, collecting 
a sample of it and analyzing in laboratory, and then relating it to the density measurement 
results. However, this procedure did not work because the collecting point in the ESP loop was 
not effective when high water contents were present. So, the densities were not measured in 
this temperature for the other stabilized emulsions.   
The experimental results obtained for the pure phases, i. e. water (𝜌𝑤) and mineral oil 
(𝜌𝑜) in kg/m³, were adjusted to a linear model, in function of the temperature, in Kelvins degree 
and the parameters of the equations are shown in Table 4.4. The equations obtained presented 
a mean absolute percent error (MAPE) associated of 0.67 and 0.58%, respectively: 
𝜌𝑤(𝑇) = 𝜌𝑤(𝑇𝑟𝑒𝑓)






[1 − 𝑘𝑜(𝑇 − 𝑇𝑟𝑒𝑓)] (4.4) 











The results also indicated that, for each temperature, the final density was directly 
proportional to the phases concentrations, as shown in Figure 4.8. In light of this fact, the 
homogenous model for the emulsion final density was proposed and tested.   
 
 
Figure 4.8. Fluids and emulsions densities with different water contents. 
The homogenous model considers that the mixture density is a function of the 
individual phases densities weighted by each phase content. Here, the water fraction present in 
the emulsion is referred as 𝑊𝑐𝑢𝑡_𝑜𝑖𝑙 and the emulsion density, as 𝜌𝑚𝑖𝑥. 









Using the empirical equations obtained for the oil and water densities as a function of 
the temperature, the 𝑊𝑐𝑢𝑡_𝑜𝑖𝑙 can be calculated as a function of the mixture density (𝜌𝑚𝑖𝑥) and 
temperature (𝑇), as follows:  
𝑊𝑐𝑢𝑡_𝑜𝑖𝑙 =
𝜌𝑚𝑖𝑥 − {𝜌𝑜(𝑇𝑟𝑒𝑓)
[1 − 𝑘𝑜(𝑇 − 𝑇𝑟𝑒𝑓)]}
{𝜌𝑤(𝑇𝑟𝑒𝑓)
[1 − 𝑘𝑤(𝑇 − 𝑇𝑟𝑒𝑓)] } − {𝜌𝑜(𝑇𝑟𝑒𝑓)
[1 − 𝑘𝑜(𝑇 − 𝑇𝑟𝑒𝑓)]}
 (4.7) 
Comparing the theoretical densities, calculated from the homogenous model above, 
and the densities determined experimentally, with each stabilized emulsion sample, the 
maximum error (MAPE) obtained was of 0.6%. The results of these comparisons are shown in 
Figure 4.9, where the 0% line corresponds to null deviation from the model and the 1% lines 
represent a deviation of 1%.  
 
 






4.2 ESP Performance Curves 
The proper control of the water cut injected in the pump is important because, as 
explained in the Rheological Behavior results, the emulsion viscosity varies with the water 
content. In order to verify the two-phase separator efficiency, the mineral oil was circulated in 
the system during over 30 minutes without any water injection in the system. A sample of this 
oil was collected and analyzed in a Karl Fischer (LGE Laboratory), which indicated a water 
content of about 10 vol.%. This indicated that a correction procedure was necessary to control 
the real water cut being injected in the ESP pump.  
In order to include the effect of the two-phase separator inefficiency in the water cut, 
the empirical equation developed in the Emulsion Density section was incorporated to the 
supervisory program (LabView® Platform). This procedure used the density measured in the oil 
line to infer about the water content present in this line.  
The total water cut (𝑊𝑐𝑢𝑡), which accounts to the total amount of water injected in ESP 
pump, was controlled considering both the contribution of the water present in the oil line and 





In equation above, Qwinj is the water injected flow rate, Qoinj is the oil with water (due 
separator inefficiency) injected flow rate and 𝑊cut_oil is the water fraction in the oil flow line. 
The tests performed at 3000 rpm with 50% water cut in different days provided 
satisfactory reproducible results, as shown in Figure 4.10. The maximum deviation between 











Figure 4.10. Pump performance at 3000 rpm and 50% WC in different days: a) performance 
curves; b) efficiency curves. 







Figure 4.11. Head curves for different WC and ESP rotation speeds: a) absolute units;           
b) dimensionless units including water single-phase data. 
The head shown in Figure 4.11-a corresponds to the mean head provided by each stage 
of the ESP pump. The results indicate that the head increased with the pump rotation speed. 





the angular velocity. As the angular velocity is increased, the fluids flow faster to the diffuser 
and acquire more pressure energy.  
The results show that the head curve obtained for the 20% WC (Figure 4.11-a) 
presented poorer results than the others water cuts for the three rotation speeds studied. This 
suggests that the high pump shearing created a viscous emulsion that dissipated a higher part 
of the energy into heat. This is probably connected to the high velocity at the impeller blade 
edge. It is possible that the emulsion formed at this WC presented mineral oil as the continuous 
phase.  
As stated by Khalil et al. (2008), the hydraulic efficiency decreases for more viscous 
fluids due to larger friction loss on flow passage in impeller and inlet casing. The volumetric 
efficiency keeps constant or increases for viscous fluids because of less leakage. The author 
also states that the mechanical efficiency reduces quickly as the viscosity grows, which is 
directly related to the friction loss in the impeller. The results in Figure 4.11-a indicate that the 
hydraulic and mechanical efficiency decreased in a higher degree than the volumetric efficiency 
increased for the 20% WC emulsion.  
For 20% WC (Figure 4.11-a), the system could not achieve high flow rates due to the 
high vibration presented by the oil booster pump. This pump was unbalanced and vibrated 
excessively when high rotation speeds were set. For the 2400 rpm points, the excessive 
vibration broke the expansion joint used to absorb the vibration and, due to this and considering 
the risks of the operation, the results for the other rotation speeds (3000 and 3500 rpm) were 
obtained until a safe experimental point.   
For the 40, 60 and 80% WC curves, the results were very similar, indicating that a less 
viscous emulsion was present. This result may be an indication that the emulsion had inverted, 
once o/w emulsions tend to present smaller dynamic viscosity than o/w, as seen in the Emulsion 
Density section.   
The manufacturer’s curve, represented by the black curve in Figure 4.11-a, 
corresponds to the pumping of a fluid with specific gravity of 1.0 at the rotation speed of 3500 
rpm. The experimental pump performance was very close to the manufacturer’s curve.  Small 
variations can be observed at high flow rates due to the geometric variations inherent to the 





As stated by Amaral (2007), the similarity relations allow to verify if certain relations 
are valid for pumps operating with similar geometric, kinematic and dynamic conditions. When 
these relations are satisfied for a pump operating in different rotation speeds, it is possible to 
conclude that the pump is being adequately operated in different rotations than recommended 
by the manufacturer; the measurement apparatus are providing reliable results; and the test skid 
is able to operate in the flow rate, pressure and rotation speed interval tested.  
Figure 4.11-b shows that, when the experimental points are reduced to the same 
reference rotation speed, they overlap in one common curve, indicating that the pump operation 
and measurement procedures were conducted correctly. The results also indicate that the head 
coefficient is a function of the capacity coefficient for water and emulsions with 40, 60 and 
80% WC. Figure 4.11-b also shows that the 40, 60 and 80% water cut curves present results 
very similar to ones obtained for the water single-phase pumping.  
The specific speed was calculated for the 40, 60 and 80% WC. The result obtained, of 
1.25, indicates that the pump provides relatively low flow rate, but high head (White, 2011). 
The results of shaft power are shown in Figure 4.12. As expected, the power results in 
Figure 4.12-a show that, as the rotation speed increased, the power needed to rotate the pump 
shaft also increased.  
The manufacture’s curve, shown in the black curve in Figure 4.12-a, indicates that 
only the points with 20% WC consumed more power to rotate the shaft. A possible explanation 
is related to the high viscosity of the emulsion formed. The viscous w/o emulsion dissipates a 
higher part of the energy and acts hindering part of the shaft movement. This causes the torque 
to be higher for each rotation speed. At low flow rates, the consumed power was similar to the 










Figure 4.12. Shaft power curves for different WC and ESP rotation speeds: a) absolute units; 
b) dimensionless units including water single-phase data. 
The consumed power was generally higher for the 20% WC for all the rotation speeds. 
Figure 4.12-b indicates that, for the 40, 60 and 80% water cut, the consumed power was very 
similar to water single-phase pumping. The results in Figure 4.12-a indicate that, at 2400 rpm, 
the energy consumed for 20% WC was more similar to the water single-phase than in the 3000 
and 3500 rpm. This result is not coherent with the observed for the other rotation speeds and 
further investigation is necessary in this point.   
The last performance curves, the efficiency curves, are shown in and Figure 4.13. The 
efficiency results indicate that the flow rate corresponding to the maximum efficiency increased 
with the rotation speed (Figure 4.13-a). As the rotation speed increases, more energy is needed 
to rotate the pump shaft, and more pressure energy is transferred to the fluids because of the 
kinetic energy. The results indicate that these two factors increased in a similar proportionality.  
According to Amaral (2007), the BEP corresponds to the operational point in which 
the fluid enters the impeller with the relative velocity tangential to the vane. In this point, the 
flow turbulence, due to vortex, recirculation regions and limit layer detachment, is minimized.  
Figure 4.13-a indicates that, at 2400 rpm, the 20% WC presented a higher efficiency 
than in the other two rotation speeds. This result is not coherent with the observed for the other 










Figure 4.13. Efficiency curves for different WC and ESP rotation speeds: a) absolute units;    
b) dimensionless units including water single-phase data. 
The results in Figure 4.13-a also show that the pump presented smaller efficiency than 
the predicted by the manufacturer at the highest rotation speed studied. This can be due to the 
geometric variation influence discussed before.  
Figure 4.13-b indicates that for water cuts up to 40%, the emulsion efficiency, which 
intrinsically takes into account both the head and shaft power results, is very similar to water 
efficiency. Since all these curves presented a similar behavior, the efficiency points for 40%, 
60% and 80% water cut for the three rotation speeds were adjusted to a fourth order polynomial 
equation of the dimensionless flow rate (𝐶𝑄) as a function of the efficiency (𝜂), which 




2 + 𝑘𝑏4𝐶𝑄 + 𝑘𝑏5 (4.9) 















The maximum 𝜂 for this equation corresponds to the point when 𝐶𝑄 is 0.03639. This 
dimensionless flow rate corresponds to 60.8% of the maximum 𝐶𝑄, which is in accordance with 
the centrifugal pumps theory (White, 2011). The flow rate at the BEP in each rotation speed 
was calculated in terms of the dimensionless flow rate (Equation 2.10). The results, including 
the BEP results for water single-phase pumping, are shown in Table 4.6. 
Table 4.6. ESP efficiency in different rotation speeds and WC for emulsion flow. 
ESP Rotation speed 
(rpm) 





40 67.5 41.48 
60 68.0 41.48 
80 67.5 41.48 
Water single-phase 67.7 41.59 
3000 
40 69.8 51.85 
60 69.9 51.85 
80 69.8 51.85 
Water single-phase 68.0 52.75 
3500 
40 69.0 60.50 
60 69.5 60.50 
80 68.5 60.50 
Water single-phase 68.2 61.49 
Manufacturer’s 73.3 67.62 
The quantitative results also indicate that the performance provided by the pump with 
40, 60 and 80% WC was very similar to water single-phase in the three rotation speeds studied 
(Table 4.6).  
Comparing the maximum efficiency for each rotation speeds, the results corroborate 
the idea that the energy consumed to rotate the shaft increased in a similar proportion to the 





4.3 ESP Inversion Curves 
The inversion tests performed in different days at 2400 rpm provided satisfactory 
reproducible results in both experiment ways: starting with 100% water line flow and starting 
with 100% oil line flow, as shown in Figure 4.14. The maximum deviation between data 
(MAPE) was of 2.60%  
 
 
Figure 4.14. Inversion curves performed at 2400 rpm in different days. 
The inversion curves presented similar behavior in the three rotation speeds studied 
and for both experiment senses (Figure 4.15). For the smaller water cuts, below 30%, the 
efficiency was smaller and tended to increase with the water content. The efficiency was 












Figure 4.15. Inversion curves in two water cut paths: a) 2400 rpm; b) 3000 rpm; c) 3500 rpm. 
The low efficiency points can be due to a high viscosity fluid, which can be related to 
the conformation of the emulsion formed. For the low water cuts, the oil content is high, so the 
water injected is easily broken into small droplets, forming a w/o emulsion. As the water content 
is increased, the water droplets aggregate. The droplets get so close that part of the continuous 
phase gets trapped between them, what cause a significate unbalance between the interfacial 
forces acting in the droplets surface.  
The absence of a surfactant to reduce the interfacial tension and stabilize the droplets 
interface can facilitate the coalescence until the water becomes the continuous phase and the 





lower energy state. The emulsion is less viscous when the water is the continuous phase, so the 
energy losses due to viscous effects are smaller and the pump efficiency increases. The results 
indicate that the emulsion inversion occurs between 10 and 30% WC.  
Figure 4.15 indicates that the inversion results were very similar in the two test paths 
studied for most points. In the 100% WC point, the efficiency was superior to the other water 
cuts, probably due to the lower residual oil content present in the water flow. The residual oil 
can form small droplets and enhance the water viscosity, which can lead to a decrease in the 
pump performance. At 2400 rpm (Figure 4.15-a), the Water→Oil efficiency was superior to the 
Oil→Water at 100% water cut, but the deviation is inside the efficiency uncertainty, as shown 
in Appendix C. 
The maximum efficiency decreased with the rotation speed, from Figure 4.15-a to 
Figure 4.15-c. The Inversion Curve experiments were performed at the same mixture flow rate: 
20 m³/h and, as seen in the ESP Performance Curves (Figure 4.13-a), the BEP gets further away 
from point as the rotation speed increases. In other words, the shock losses (related to the flow 
in the impeller) increased with the rotation speed under the constant flow rate.  
Figure 4.15 also shows that points below 10% water cut could not be obtained, even 
when no water was injected from the water line. This water content, present in the oil line, 
corresponds to w/o dispersions formed in the pump, which were not broken in the two-phase 
separator.  
Figure 4.16 shows the ratio between the pressure increase and head for emulsion 
pumping and water single-phase pumping. The pressure gain for the emulsion gradually 
increased with WC until it reached the water equivalent behavior, as shown in Figure 4.16-a. 
This rising tendency occurs because when the water content increases, and less mineral oil is 
flowing in the system, the emulsion density is higher, as observed in the Emulsion Density 











Figure 4.16. ESP performance for emulsion relative to water single-phase:  
a) in pressure units; b) in head units. 
In order to eliminate the density effect in the pressure measurements, the mean head 
for the pump operating with emulsion was compared to the mean head obtained for water 
single-phase (Figure 4.16-b).  
The results indicate that, after 30% WC, the pump performance is very close to the 
water performance, what may indicate that the o/w emulsion presented a viscosity close to 
water. Some results presented heads higher than water (Figure 4.16-b), but the difference is 
inside the range of uncertainties for the head calculations. 
As the rotation speed increased, the emulsion performance was closer to water for WC 
below 30% (Figure 4.16-b). At 2400 rpm, the w/o emulsion performance was, in the first point, 
25% inferior to the water performance. For 3000 rom, this performance was 17% and, for the 
highest rotation speed, it was 13% inferior. It is possible that the emulsions formed in the pump 
also present the shear-thinning behavior verified in the stabilized emulsions, discussed in the 
Rheological Behavior results. Dispersed fluids with this behavior tend to present ordered and 
aligned droplets under high shear, what can reduce the apparent viscosity.   







4.4 ESP Stage Performance 
As Gülich (2010) stated, as the fluids move upwards in the pump, they pass through 
an overflow channel that directs them towards the next stages. This channel can induce some 
separation and vortex losses due to its severe curvature and the individual performance can be 
different for each stage.   
Figure 4.17 shows the ratio between the head in each stage for emulsion and the head 
obtained for water single-phase flow. Although the literature (Pessoa, 2001; Estevam, 2002; 
Gamboa, 2008) report that, for gas-liquid flow, the stages of the centrifugal pumps presents 
different performances, the curves in Figure 4.17 show that a general trend was obtained for all 
8 stages of the ESP pump operating with liquid-liquid flow. The head obtained for emulsion 
was similar to water for the points after 30% WC in most curves, similar to observed in the ESP 
Inversion Curves (Figure 4.15).  
At 2400 rpm, the stages in Water→Oil (Figure 4.17-b) path only started to present 
performance similar to water in higher water cuts when compared to the Oil→Water way 
(Figure 4.17-a). This was not expected since, when experiment starts with 100% water, the 
residual oil content in the water line is minimal and the emulsion viscosity is expected to be 
smaller. Also, at this rotation speed, the flow field is expected to be more ordered than in the 
other rotation speeds, since the flow rate is closer to the BEP.   
The results at 3000 rpm (Figure 4.17-c and Figure 4.17-d) presented more dispersed 
points. The results also indicate that, for some stages, the emulsion only presents water 
performance when the water cut reaches about 40%. This result is more evident for the 
Oil→Water results (Figure 4.17-c).  
At 3500 rpm (Figure 4.17-e and Figure 4.17-f), the data was more dispersed than in 
the other rotation speeds, probably due to the high effect of the pump shearing in the dispersions 
stability. Also, at this rotation speed, the flow field is expected to be less ordered since the flow 
rate is further away from the BEP, what can increase the energy fluctuations. The Oil→Water 
way presented even more dispersed results (Figure 4.17-e). The emulsion presented water 



















Figure 4.17. Stages performance: a) 2400 rpm Oil→Water; b) 2400 rpm Water→Oil; c) 3000 
rpm Oil→Water; d) 3000 rpm Water→Oil; e) 3500 rpm Oil→Water; f) 3500 rpm Water→Oil 
For all the three rotation speeds, the first stage is the one which presented more 








Figure 4.18. Performance at first stage for oil-water two-phase relative to water single-phase 
flow. 
Since the fluids are injected right before this stage, the dispersion and homogenization 
processes may still be occurring in it. The emulsion may not be homogenous yet and the mixture 
conformation can be still in transition. This can cause the breakage and coalescence of droplets 
to be more unbalanced and cause more fluctuated pressure increases in this stage.  
Also, the stabilization of the emulsions seems to be related to the shear in the pump 
centrifugal field, so the emulsion that flows inside this stage is expected to be more sensitive to 
energy fluctuations. The results indicate that these phenomena caused the ratio between the 
heads to be bigger than the unity in some points, mainly at 3500 rpm.  
It is important to emphasize that the head measurements presented an uncertainty of 
2.01% (Appendix C), so the fluctuations that occurred within this margin of error can be 
attributed to the uncertainties in the pressure readings.  
4.5 Two Phase-Flow in Pipeline 
The pressure drops in the emulsion returning line, after the ESP pump outlet, are shown 
in Figure 4.19. The results represent the ratio between the two-phase measured pressure drop 





mixture density effect was eliminated by dividing the pressure by the mixture densities. The 
mean velocity was of 1.05 ± 0.01 m/s and the mixture density varied with the water cut.   
 
 
Figure 4.19. Pressure drop for emulsion flow related to water single-phase flow in straight 
line. 
Figure 4.19 shows that the pressure drop is higher for the 10 to 25% WC points, 
achieving values even 16 times higher than obtained for water. With these water cuts, w/o 
emulsions were formed in the ESP pump.  
The results may indicate that, despite the fact that no surfactant was added to the 
system, the high turbulence caused by the pump produced emulsions so stable that the water 
droplets coalescence was not enough to produce a segregated multiphase flow pattern. 
According to Brauner (2004), great changes in the pressure drop during liquid-liquid 
dispersions flow correspond to phase inversion, since the rheological characteristics change 
abruptly near this point. 
It is important to highlight that, although the results seem to indicate a dispersed flow 
pattern, the only way to ensure this was with a multiphase measurement technique, like 
visualization windows. 
Although the results in ESP Inversion Curves section (Figure 4.15) showed that the 
pump efficiency increased from the 10 to 25% WC points, the pressure drop increased in the 





smaller water droplets in the line, which suffer more collisions and increase the viscous energy 
dissipation. In the ESP pump, the high shear could have increased the coalescence rate, and 
prevented the droplets breakage. The results in Figure 4.19 are similar to the ones obtained by 
Nädler and Mewes (1997) for mineral oil-water flow in pipeline.  
After the water cut reaches 30%, the pressure drop is very similar to the pressure drop 
obtained for water single-phase flow.  
The results indicate that, at 3500 rpm, the pressure drop at 20 and 25% water cut was 
smaller than in the other rotation speeds, which suggests that the shear-thinning behavior 
discussed in the ESP Inversion Curves (Figure 4.15) could have influenced the flow behavior 
in the pipeline. Although no surfactant was present to stabilize these emulsions, it is possible 
that the water droplets remained elongated and aligned, favoring the flow and, therefore, 
reducing the apparent viscosity. 
Considering the distance between the pump outlet and the pressure measurements 
(8.00 m) and the mean velocity (1.05 m/s), each droplet flew for about 7.62 seconds before the 
pressure readings. A possible explanation to the emulsions stability during this time may be 
related to the dynamics inside the pump. The high shear seems to produce emulsions so stable 
that, even after they flow through the loop, the separation is minimal.  
The experiment path also influenced the results for the w/o emulsion (Figure 4.19). 
For the three rotation speeds, the pressure drop was smaller for the Oil→Water path, probably 
due to higher drag of oil droplets in the water line. The water content could have been slightly 
smaller in the Oil→Water experiments and the water droplets bigger during flow in the line, 
what can cause a decrease in the apparent viscosity. 
The physicochemical properties of water (𝜌𝑤 and 𝜇𝑤) and mineral oil (𝜌𝑜 and 𝜇𝑜) were 
used to calculate the theoretical pressure drop that would be obtained for single-phase flow of 
each of these fluids under the same operational conditions. Figure 4.20 shows the ratio between 










Figure 4.20. Measured pressure drop for emulsion flow related to theoretical single         
phase-flow in straight line: a) related to water; b) related to oil. 
For the w/o emulsion flow, i. e. for water cuts below 30%, the measured pressure drop 
was much higher than the expected for water single-phase flow, as can be seen in Figure 4.20-
a. The pressure increased with water cut, similar to observed in Figure 4.19 until the inversion 
point. From 30% WC up, the pressure drop was more close to the theoretical for water.  
The mineral oil has 0.2 Pa.s viscosity at 293.15 K (Figure 4.3), as shown in the 
Rheological Behavior results. The w/o emulsion formed was up to 80% more viscous than its 
continuous phase, as shown in Figure 4.20-b. After the inversion point, the viscosity of the 
emulsion, with water as continuous phase, drops to about 70% of the mineral oil flowing in the 
same conditions. The results indicate that, in some water cuts, this difference was slightly higher 
for the Water→Oil way, probably due to less oil incorporation in the water line, which can 
produce bigger droplets and lower the emulsion viscosity. 
The apparent viscosity of the two-phase mixture flow in the pipeline was calculated 
assuming laminar flow and corresponds to a theoretical viscosity that causes a pressure drop 
equivalent to the one measured in the pipeline.  The friction factor (𝑓) was calculated from the 









The friction factor was used to calculate the dimensionless Reynolds number using the 





The apparent viscosity was determined and it was used to recalculate the Reynolds 
number. In order to use a reasonable margin of error, only the viscosities that resulted in 








 (Checking the Reynolds number) (4.13) 
The approach above was applied only for the points corresponding to the w/o emulsion 
formed in the pump. The o/w emulsion are expected to have smaller viscosity and, thus, present 
turbulent flow. The dynamic viscosity and the Reynolds number calculated are shown in Table 
4.7 and Table 4.8. 
The w/o emulsion presented viscosities in the 0.26 to 0.50 Pa.s range, about 1.5 to 2.5 
times higher than the mineral oil viscosity. The apparent viscosity presented a similar trend to 
the one observed in Figure 4.19 for the two experiment paths.  The results in Table 4.7 and 
Table 4.8 show that the apparent viscosity increased with water cut until the inversion point. 
Malinowsky (1975) and Laflin and Oglesby (1976) after Brauner (1998) also observed an 
















19 0.489 158.3 
23 0.489 163.7 
26 0.492 162.6 
3000 
17 0.419 185.8 
20 0.471 167.7 
25 0.260 303.8 
3500 
11 0.305 256.1 
16 0.366 214.4 
21 0.452 175.7 
26 0.482 169.7 
 













27 0.493 162.3 
3000 
21 0.455 170.9 
25 0.499 158.2 
3500 
19 0.443 174.7 









4.6 Droplet Size Distribution after ESP Pump 
The IVM probe was not able to provide good results for the emulsion DSD in the ESP 
flow loop. Because of the high optical density of the studied emulsions, the camera was not 
able to capture images of the droplets. Since it did not provide any information about the 
distribution, this probe was removed from the system in order to avoid any interference in the 
droplets profile flow in front of the ORM probe window. The droplet size distributions 
discussed in this section were measured by the reflexive probe. The ORM laser power was set 
to 1.0 mW in order to reduce the electrical noise. 
It is important to reinforce that the distribution results provided by the ORM probe are 
weighted by the projected area of each droplet. Different weightings (number and volume) were 
applied to the results and it was observed unimodal distributions for some distributions under 
these conditions. However, the distributions were very similar for different operational 
conditions in a way that the results were not sensitive to the operational changes. So, 
considering the results obtained in the probes validation experiments and aiming for higher 
sensitivity in the distribution results, the area weighting was maintained in the following results. 
The probe manufacturer also recommended the use of area weighting to get more reliable 
results. 
The tests performed at 2400 rpm with 40% WC in different days provided satisfactory 
reproducible results, as shown in Figure 4.21. The difference between the Sauter mean 
diameters obtained in each day, under the same operational conditions, was of 10.05 %. During 
the days 1 and 2, other experiments were being simultaneously performed in the LABPETRO 
laboratory. This may have caused some electric interference in the probe during the experiments 










Figure 4.21. Reproducibility results for 40% water cut: a) density curves; b) cumulative 
curves. 
The DSD data obtained for the emulsion flow after the pump, in the three rotation 
speeds studied, are shown in Figure 4.22, Figure 4.23 and Figure 4.24. Droplets were accounted 
in the 1 to 55 µm range for most results.  
The results shown in Figure 4.22, Figure 4.23 and Figure 4.24 indicate that the water 
content affects the final droplet size distribution. All the distributions are referred to oil droplets, 
due to the indications that an o/w emulsion was formed in these conditions, as discussed in the 
ESP Inversion Curves section. Most distributions in Figure 4.22, Figure 4.23 and Figure 4.24 
are multimodal and most results indicate that the shear produced non homogenous distributions.  
The complex geometry and high velocity imposed to the fluids inside the pump shaft 
create a flow propitious to be turbulent. The great variety of events that occur during turbulent 

















Figure 4.22. DSD of oil droplets in o/w emulsions in different experiment paths at 2400 rpm: 
a) Oil→Water density curves; b) Oil→Water cumulative curves; c) Water→Oil density 


















Figure 4.23. DSD of oil droplets in o/w emulsions in different experiment paths at 3000 rpm: 
a) Oil→Water density curves; b) Oil→Water cumulative curves; c) Water→Oil density 
curves; d) Water→Oil cumulative curves. 
A possible explanation to the droplets dynamics in the ESP pump can be related to the 
high shear that the droplets are submitted during the flow in the impeller. Droplets breakup 
predominates at various points of disturbance throughout the system. Narrow boundary layers 
are formed in these regions and high shear rates and shear stresses appear, which highly favor 
the breakage (Ward and Knudsen, 1967; Wichterle et al., 1996). 
According to Wichterle (1995), the most important zone controlling droplet breakage 
is just at the impeller blades. In these regions, mostly in the impeller blade edge, where the 





droplet elongation, erosive breakage and binary breakage, to be likely to occur (Tsouris and 











Figure 4.24. DSD of oil droplets in o/w emulsions in different experiment paths at 3500 rpm: 
a) Oil→Water density curves; b) Oil→Water cumulative curves; c) Water→Oil density 
curves; d) Water→Oil cumulative curves. 
Another important phenomenon that influences the turbulent dynamics are eddies 
formed due to the turbulence. An explanation for their influence can be drawn in analogy to the 
phenomena shown by Risso and Fabre (1998) to gas bubbles. The emulsion droplets are prone 
to extract some energy from the turbulent eddies. The deformation time response of the droplets 
determines the maximum amount of energy which can be extracted from each eddy. On the 
other hand, the droplets accumulate energy in its oscillatory deformation. Depending on if the 





tension and viscous forces inside the droplets, the interfacial deformation increases or 
decreases. 
The residence time of the droplets is another important aspect. When the dispersed 
droplets residence time inside the pump shaft increases, the probability of occurrence of large 
turbulent fluctuations and the accumulation of energy from successive eddies increases as well, 
enhancing the droplets breakup rate. 
The complex phenomena that occur in turbulent flow can also lead to droplets 
coalescence. With the high velocity flow, the droplets collision frequency is high. Since no 
surfactant was added to the system, no interfacial film was expected to be formed, so the 
interface could be easily drained and two small droplets could coalescence and become one 
bigger droplet. Ward and Knudsen (1967) argue that coalescence is favored in regions of low 
shear.  
At 2400 rpm, the results in Figure 4.22-a show that the higher peak was obtained at 10 
μm with 40% WC for the Oil→Water way. The distribution seems to indicate that larger 
droplets were formed when the water cut was increased to 60%. For the Water→Oil way, the 
highest peak was observed at 8 μm for the highest WC (Figure 4.22-c).  
In Figure 4.23-a and Figure 4.23-c, the smallest droplet size peaks, which were at about 
5 μm were obtained for the 80% WC for the two experiment ways.  
At the third rotation speed studied, a peak at small sizes was obtained at 80% WC for 
the Water→Oil way (Figure 4.24-c), but for the Oil→Water way (Figure 4.24-a), the 40% WC 
result presented a higher peak for small droplet sizes, in the range of 3 to 20 μm. 
All the results for the Water→Oil way in the three rotation speeds showed a peak in 
small sizes at 80% WC. 
The results indicate that the way the experiment was performed influenced the final 
distribution of the o/w emulsion. When the experiment starts with oil flow, it is possible that 
more oil droplets gets incorporated in the water line due to the two-phase separator 
inefficiencies and due to the stability of the dispersion formed. This oil content cannot be 
controlled in the ESP flow loop and may be responsible for the differences observed. 
The Sauter mean diameters, maximum diameters and droplets accounts obtained for 
each experiment are shown in Table 4.9 and their variation with the water cut is shown in Figure 





performed by Morales et al. (2012) and Angeli and Hewitt (2000). The authors argue that the 
use of 𝑑95 as maximum diameter facilitates the modeling of the data.  
Table 4.9. Sauter mean diameter, maximum diameter and droplets account for each 















40 19.14 28.75 12599 
60 34.73 50.38 10720 
80 24.38 39.50 9715 
Water→Oil 
40 23.77 33.63 13199 
60 29.31 46.75 12219 
80 29.05 47.88 7831 
3000 
Oil→Water 
40 15.81 23.25 23608 
60 26.55 41.25 22029 
80 28.72 47.00 24823 
Water→Oil 
40 32.52 47.38 14343 
60 37.05 51.50 13929 
80 20.49 35.00 10421 
3500 
Oil→Water 
40 28.35 46.88 9843 
60 36.00 50.75 14670 
80 35.46 48.88 21994 
Water→Oil 
40 31.43 48.63 15308 
60 30.81 45.38 21072 















Figure 4.25. Sauter mean diameter and droplets account in three ESP rotation speeds and 
experiment paths: a) mean diameter at Oil→Water; b) mean diameter at Water→Oil; c) 
droplets account at Oil→Water; b) droplets account at Water→Oil. 
The results in Figure 4.25-a show that, for the Oil→Water way at 2400 rpm, the 
droplets increased in size at 60% and decreased at 80%. This results suggests that, in this 
rotation speed, the forces that cause the opposite effects of droplets breakage and coalescence 
are more unbalanced.  
The oil droplets sizes increased with water cut in the 3000 rpm indicating that the 
coalescence was favored in this rotation speed (Figure 4.25-a).  
In the higher rotation speed, 3500 rpm, it was observed a similar trend, but the results 





increased in the same rate as the breakage since the mean diameter did not change significantly. 
This saturation was combined with a significant increase in the droplets account (Figure 4.25-
c). 
The results obtained for the Water→Oil way are quite different from the other 
experiment path (Figure 4.25-b). In these experiments, the oil content was gradually increased. 
At 2400 rpm, the droplets size increased with water cut, showing that, when oil is gradually 
added to the system, it breaks more easily.  
For the points with higher rotation speeds, the results indicate a strong droplet size 
decrease between 80 and 60% WC (Figure 4.25-b). As these experiments started with low oil 
content, the results indicate that as the mineral oil was being injected in the system, it was 
quickly broken into small droplets. When the oil content enhanced (40 and 60% WC), its 
droplets coalescence was favored. The droplets account presented an increase at 3500 rpm with 
60% WC (Figure 4.25-d).  
Comparing the rotation speeds, the oil droplets were bigger at 3500 rpm in the 
Oil→Water way than in the other rotation speeds, as seen in Figure 4.25-a. The droplets 
account, on the other hand, was superior in the 3000 rpm rotation speed (Figure 4.25-c).  
For the Water→Oil results, the oil droplets were bigger at 3000 rpm (Figure 4.25-b). 
The droplets account was higher for the 3500 rpm (Figure 4.25-d).  
It is important to emphasize that the flow field is expected to be different in each 
rotation speed. At 2400 rpm, the flow is more ordered since the flow rate is closer to the BEP. 
Also, different configurations of fluids accumulations inside the pump, in the form of eddies, 
can occur in each case. These features can also influence the balance between droplets breakage 
and coalescence.  
Figure 4.26 shows the Sauter mean diameter versus the maximum diameter for the 








Figure 4.26. Sauter mean diameter versus maximum diameter for droplet size distribution 
after ESP experiments.  
The results suggest a linear relationship, so an empirical equation was obtained with a 
mean absolute percent error (MAPE) associated of 6.94% and R² =  0.88. The parameter of 
the equation is shown in Table 4.10. 
𝑑3,2 = 𝑘𝑐𝑑𝑚𝑎𝑥   (4.14) 




The diameter 𝑑95, which represents the maximum droplet size that corresponds to 95% 
of the total population of droplets, was used to represent the maximum diameter (𝑑𝑚𝑎𝑥) of the 
distribution. According to Morales et al. (2012), the linear correlation between 𝑑3,2 and  𝑑95 
indicates that the droplet size distribution at the pump outlet is independent of the DSD at the 
pump inlet. Considering the distributions of the Figure 4.22, Figure 4.23 and Figure 4.24 and 
the relation shown in Figure 4.26, the results seem to indicate that the ESP rotation speed alters 





obtained a relationship of 𝑑3,2/𝑑𝑚𝑎𝑥 = 0.495 (R² =  0.88) for o/w dispersions formed in 
centrifugal pumps.  
4.7 ESP Pump effect on the Droplet Size Distribution  
The comparisons between the droplet size distribution measured at the oil line (pump 
inlet) and after the emulsion flow in the ESP pump (pump outlet) are shown in Figure 4.27, 
Figure 4.28 and Figure 4.29. The ORM only measured water droplets in these experiments 
since, as discussed in the ESP Inversion Curves section, all the water cuts studied correspond 
to w/o emulsions. The results indicate no significant effect of the ESP pump, once the maximum 
difference between the Sauter mean diameters was 5.52%. 
Figure 4.27, Figure 4.28 and Figure 4.29 indicate no significate differences in the 
distribution before (inlet) and after (outlet) the flow in the ESP Pump. Although, they show that 
the water content and experiment path altered the final distribution in each rotation speed. 
 The ESP pump provides a strong shear in the droplets due to the high velocities and the 
complex geometry of the impeller and shaft. This scenario means that the ESP pump has a big 
potential to alter the droplets sizes due to the high energy transfer inside the centrifugal 
machine. 
A possible explanation to the results obtained can be related to the stability of the 
droplets. The experiments were performed in a closed flow loop, so the fluids were being 
constantly mixed in the ESP pump. The results seem to indicate that, despite the fact that no 
surfactant was added, the high pump shearing created dispersions so stable that, even after they 
flowed towards the two-phase separator and stayed there during the residence time, which was 
estimated in about 18 minutes, the water droplets still remained dispersed in the mineral oil.  
This stationary state corresponded to a dispersed phase condition, which was measured 
by the ORM probe and explains why the dispersion of droplets presents the same profile as the 
one exhibited in the pump inlet for all the experiments performed. Results obtained by Morales 
et al. (2012) indicated that inlet droplet size seemed to have no effect on outlet droplet size 
















Figure 4.27. DSD of water droplets in w/o emulsions with different WC and experiment paths 
at 2400 rpm: a) Oil→Water density curves; b) Oil→Water cumulative curves; c) Water→Oil 
















Figure 4.28. Droplet size distribution of water droplets in w/o emulsions with WC and 
experiment paths at 3000 rpm: a) Oil→Water density curves; b) Oil→Water cumulative 

















Figure 4.29. DSD of water droplets in w/o emulsions with different WC and experiment paths 
at 3500 rpm: a) Oil→Water density curves; b) Oil→Water cumulative curves; c) Water→Oil 
density curves; d) Water→Oil cumulative curves. 
The result at 18% WC, could be obtained in two different rotation speeds and presented 
mean diameters with 15% difference. In fact, the distribution at 2400 rpm (Figure 4.27-a) was 
very similar to the one at 3500 rpm (Figure 4.29-a). This result could indicate that the range of 
rotation speed studied was too high, so the distribution was already at its stationary 
conformation.  
Zhang et al. (2015) verified that there is a value of rotation speed above which the 





authors argued that the required residence time for breakup depends on the energy dissipation 
rate given by the pump. When the pump speed increases, the energy dissipation rate is lifted to 
a higher level, but the residence time is decreased. This means that the droplets flow faster in 
the impeller and do not have enough time to exchange a great amount of energy in the pump 
and the pump shear starts to present a constant effect on the droplets distribution. This could 
also explain why the differences between inlet and outlet were so small. 
Figure 4.30 shows the Sauter mean diameter versus the maximum diameter for the 
distributions measured at the ESP pump inlet and outlet. 
 
 
Figure 4.30. Sauter mean diameter versus maximum diameter for ESP pump effect 
experiments. 
The results also suggest a linear relationship, so an empirical equation was obtained 
with a mean absolute percent error (MAPE) associated of 8.67% and R² =  0.98. The 
parameter of the equation is shown in Table 4.11. 





Table 4.11. Diameters relationship fitting parameter for ESP pump effect experiments. 
Parameter Value 
𝒌𝒅 0.7235 
Boxall et al. (2009) observed a relationship very similar between 𝑑3,2/𝑑𝑚𝑎𝑥 = 0.70 
(R² =  0.99) for water droplets in crude oil emulsions.  
The linear relationship shown in Figure 4.30 reinforces the idea that the droplet size 
distribution reached a steady-state after some time and did not change between the ESP inlet 
and outlet, in the range of rotation speed studied in this work.   
4.8 Distribution Fitting 
The distributions after the ESP pump in different WC and rotation speeds were fitted 
to the Log-Normal model, as shown in Table 4.12, Table 4.13 and Table 4.14. Although most 
of the distributions presented multimodal curves, this model could represented the data with 









where 𝜛𝑔 is the geometric mean droplet diameter (scale parameter), which can be 
based on volume or surface, and 𝜃𝑔 is the geometric standard deviation (shape parameter).  
The scale parameter represents the central tendency of the distribution and was in the 
2.37 to 3.25 range for most of experimental results. The only exception is for the Water→Oil 
way at 80% WC (Table 4.13), when this parameter presented 1.98, the lowest value. One of the 
facts that affect the emulsions viscosity are the droplet sizes. Generally, the viscosity decreases 
with the droplets sizes. The scale parameter was higher for the 60% WC for most of the results, 


















40 0.089 2.45 0.60 
60 0.085 3.10 0.69 
80 0.035 2.72 0.64 
Water→Oil 
40 0.085 2.84 0.58 
60 0.071 2.92 0.67 
80 0.100 2.37 0.85 
The shape parameter, which is related to the spreading of the distribution, was in the 
0.52 to 0.88 range. The highest values were obtained for 80% WC in most of the experimental 
data. Usually, the viscosity of an emulsion increases with the uniformity of droplets sizes. The 
shape parameter indicates that, at 80% WC, the distribution is spreader so, the emulsion 
viscosity can be expected to be smaller at 80% than in the other WC. 













40 0.093 2.44 0.52 
60 0.053 2.77 0.67 
80 0.074 2.50 0.88 
Water→Oil 
40 0.043 3.20 0.57 
60 0.055 3.24 0.67 




















40 0.046 2.75 0.72 
60 0.076 3.25 0.66 
80 0.114 2.99 0.84 
Water→Oil 
40 0.068 2.93 0.72 
60 0.092 2.85 0.78 
80 0.120 2.06 0.69 
The data from the section 4.7 was also evaluated regarding to the distribution fitting. 
Table 4.15 shows the parameter obtained for the distributions discussed in the ESP effect on 
the Droplet Size Distribution results. The adjusted parameters were very similar for all the 
distributions before and after the ESP pump.  
Comparing the results for 18% WC in the different rotation speeds, it is possible to 






















2400 - before 0.117 1.70 0.46 
2400 - after 0.111 1.74 0.47 
Water→Oil 20 
2400 - before 0.106 2.80 0.64 
2400 - after 0.099 2.75 0.63 
Oil→Water 16 
3000 - before  0.098 2.32 0.57 
3000 - after 0.087 2.32 0.62 
Water→Oil 21 
3000 - before 0.121 2.95 0.76 
3000 - after 0.125 2.96 0.79 
Oil→Water 10 
3500 - before 0.093 2.50 0.62 
3500 - after 0.079 2.59 0.54 
Water→Oil 18 
3500 - before 0.097 1.71 0.45 














5 CONCLUSIONS  
The experimental performance of an 8-stage ESP pump operating with water-oil 
mixtures has been studied. The high shear seems to have prevented the fluids from segregation 
inside the pump and emulsion was observed to be formed. This is probably connected to the 
high velocity at the impeller blade edge. The pump effect on emulsion properties was also 
studied through different approaches. Finally, some chemically stabilized emulsions were 
studied in batch experiments. 
Some important physicochemical properties of the stabilized emulsions were 
determined in different conditions in batch experiments. The following conclusions can be 
reached, based on this stage: 
The inversion point of hydrodynamic stable emulsions varied with the dispersion 
method. W/o mechanically stabilized emulsions inverted at 26%, while those with axial 
agitation stabilization inverted at 38%. The oil-water interfacial tension decreased in the 
temperature range studied, 293.15 to 300.15 K; 
Some emulsions presented rheological non-Newtonian behavior and were fitted to the 
power law model. The behavior index increased with the water fraction while the consistency 
index decreased with it. Both parameters decreased slightly with the temperature in the 293.15 
to 313.15 K range; 
Chemically stabilized emulsions seems to have inverted between 9.52 and 18.25 vol.% 
water fraction. The dynamic viscosity decreased with the temperature for all water 
concentrations and this behavior was more pronounced for the 9.52 vol.% emulsion. The 
emulsion density varied linearly with temperature and water content. A homogenous model was 
used to predict the density with a maximum error of 0.6%. 
The main contribution of this work relies on the two-phase oil-water flow in the ESP 
pump. The following conclusions can be reached based on these stages: 
An empirical equation was developed to quantify the effective water cut injected in 
the ESP pump, taking into account the inefficiencies in the two-phase separator. The equation 





The experimental performance with water single-phase flow was similar to the 
manufacturer curves and some discrepancies occurred due to geometric variations in the pump 
impeller manufacturing. 
The high pump shearing itself seems to have produced a stable emulsion. It is believed 
that an o/w emulsion was formed with 40, 60 and 80% WC. The 20% WC presented poorer 
performance than the other WC due to w/o emulsion formation in the three rotation speeds 
studied. The curve at 2400 rpm should be redone.  
The pump’s similarity relations were satisfied to 40, 60 and 80% WC, presenting 
performance similar to water single-phase. This result can indicate that the addition of water to 
invert emulsions in producing fields can increase the pumps performance. 
The emulsion inverted inside the pump between 10 and 30% WC for the three rotation 
speeds and the two experiment path studied, at 293.15 K. The w/o pumping presented 
performance more similar to water single-phase as the rotation speed increased, possibly due to 
a shear-thinning behavior. 
A general trend was observed for all the 8 stages of the ESP pump, but the first stage 
presented more dispersed head results than the others, probably due to the smaller level of 
mixture homogeneity and stability at pump inlet. This dispersion increased with the rotation 
speed due to the high influence of the shear. 
The effects of changes in the operational conditions in the ESP pump were also noted 
in the two-phase flow in pipeline. The great change observed in the pressure drop suggests that 
phase inversion occurred in the pipeline as well.  
The pressure drop measured in the straight pipeline increased with water cut until the 
inversion point, probably due to abrupt changes in the apparent viscosity behavior. The relations 
between the experimental pressure drop and the water and oil theoretical single-phase pressure 
drops indicated that the fluids seem to flow in a dispersed flow pattern, although it would be 
necessary a multiphase flow pattern in the ESP flow loop to confirm it. 
Breakage and droplet coalescence phenomena competed during the emulsion flow 
inside the pump. The results of the droplet size distribution past the ESP indicated that the WC 
and rotation speed influenced the forces balance but no general correlation could be seen. 
Droplets were accounted in the 1 to 55 µm range for most results and the mean droplet diameter 





The emulsion stability promoted by shear caused no significant difference in the 
studied emulsions distributions at ESP pump inlet and outlet. The Sauter mean and maximum 
diameters presented a linear relationship. All the distributions were fitted to the Log-Normal 
distribution model with 95% confidence degree.  
Based on the conclusions listed above, some recommendations to future work aim to 
achieve a better understating of the inversion phenomenon: 
 To study the rheological behavior of stabilized emulsions in the 9.52 to 18.25 vol.% 
water content range, in order to identify the water fraction at which the inversion occurs 
in stabilized emulsions;   
 To determine the performance curves with water cuts in the 10 to 30% range, in order 
to get more data of the pump performance during the inversion; 
 To determine the inversion curves with superior flow rates and in other temperatures, in 
order to determine the effects of flow rate and temperature on the inversion in the ESP 
pump; 
 To study the effect of other flow rates and temperatures in the two-phase flow past the 
pump, in order to verify if the effects of the inversion in the pump can still be noted in 
the two-phase flow in other operational conditions;  
 To determine the droplets distribution in the 10 to 30% range, in order to investigate the 
phenomena that occur with the droplets during the inversion; 
 To determine the water droplets distribution past the pump in others water cuts, rotation 
speeds and temperatures, in order to verify if these parameters can increase the 
difference between the distribution at pump inlet and outlet; 
 To study mechanistic models that take into account the effects of turbulence and shear 
to determine the final mean and maximum droplet sizes, in order to get a physical 
understanding of the dynamics in this kind of system; 
 To study multimodal distribution models that better represent the DSD, in order to get 
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APPENDIX A – PROBES VALIDATION EXPERIMENTS 
The two probes acquired were extensively tested in order to evaluate their capability 
to provide reliable results and to determine the best experimental conditions. Firstly, some solid 
particles were characterized by microscopy. Then, the PSD of water dispersions of these solids 
were measured by the two probes in bench and flow conditions. Following, air/water two-phase 
system was studied and the BSD determined. The last system studied in this experimental stage 
was mineral oil/water, where the determination of DSD was performed. 
The test matrix is shown in Table A.1.  
Table A.1. Size distribution validation experiments. 
Stage Test Operational Conditions 
1 Particles by Optical Microscopy 10 g/L 
2 Particles in beaker by Probes 10 g/L 
3 Gas-liquid flow in line by Probes 1 kg/s 
4 Solid-liquid flow in line by Probes 1 kg/s 
5 Liquid-liquid flow in line by Probes 1 kg/s (0.5 to 20 %vol.) 
A.1 Probes Validation Experimental Procedure 
A low viscosity mineral oil (Campeste) was used in the preliminary flow loop 
experiments because the pump power was only 0.55 kW. Typical properties of the mineral oil 
is shown in Table A.2. 





Superficial Tension (mN/m) SINTERFACE® PAT-1M Pendant Drop 29.69 ± 0.08 
Interfacial Tension (mN/m) SINTERFACE® PAT-1M Emerging Bubble 33.30 ± 0.20 
Viscosity (mPa.s) HAAKE MARS™ III  Rotational 
Rheometry 
13.3 ± 0.2 





A.1.1 Microscopy Determination of PSD 
The microscopic characterization (PSD) was made by images of different solid 
obtained in a Coleman® microscope (Figure A.1). The ImageJ®, an image analysis software, 
was used to process the images and to determine the approximate projected area of individual 
particles. Particle size was evaluated based on an equivalent diameter, considering particles as 
spheres. 
 
Figure A.1. Optical Microscope (COLEMAN). 
The procedure consisted in preparing a suspension of particles and taking at least 10 
photos of each sample in the microscope. The magnification used was a function of the particle 
size. A microscopic scale (minor division 0.01 mm) was used to calibrate the pixel/micrometers 
equivalence in the software. At least 200 particles were recognized by ImageJ® in each test. 
The solid particles investigated in this stage were glass micro spheres, PVC, quartz and silica 
gel.  
Based on a review of the ImageJ software (Barbosa et. al, 2014), the following 
procedure was selected: First, the brightness and contrast were enhanced. Then, the image was 
converted to 8 bit and a binary color filter was applied. The colors were inverted and the holes 
were filled. Finally, a threshold was applied and the sizes of particles were analyzed with a 





A.1.2 Bench Experiments with Particles 
The tests with particles in beaker with the two probes were done using a magnetic 
stirrer (IKA®, C-MAG HS7), as shown in Figure A.2. These tests consisted in preparing 
suspensions of solid particles with known concentration (10 g/L) and determining the PSD of 
the samples. The solids studied in the microscopy step were also investigated in this stage. The 
measurements were performed with each probe separately. All tests were conducted at ambient 





Figure A.2. Apparatus used in bench tests with magnetic stirring: a) ORM probe; b) IVM 
probe. 
A.1.3 Preliminary Flow Loop 
To test the probes inline response previously to the ESP flow loop experiments, a 
preliminary flow loop was built in two similar setups which differed by the tank geometry. The 
Line 1 was composed by 1 inch steel pipe, flexible tubes, a 0.55 kW centrifugal pump, a bypass 
line, supports for the probes, a Coriolis mass flow meter, two visualization windows and a 







Figure A.3. Preliminary Flow Loop 1: a) Picture of system with flow path highlighted in red; 
b) Schema. 
The bypass line was controlled by a globe valve and the excess flow was redirected to 
the rectangular tank made of acrylic, which was filled with water and particles or mineral oil 
(depending upon the test) prior to the beginning of the tests.  
Two sets of tests were studied in Flow Loop 1: air/water and glass micro spheres/water. 
In the gas-liquid flow, the bubble size distribution (BSD) of air bubbles was monitored for a 
period of one hour. All the studies were performed at 1 kg/s and the distribution was determined 
by both probes simultaneously. Detail of probes placement is shown in Figure A.4. 
 





The system had no line to insert air, so the air used in the tests was added to the system 
by the turbulence originated in the tank opened to the atmosphere. After a stabilization period 
of 5 minutes, the probes started to record the BSD data.  
A similar procedure was used to the solid-liquid test stage. The glass micro spheres 
particles were added to the acrylic tank and followed the highlighted flow path (Figure A.5-a). 
The second flow loop, named Flow Loop 2, a tank with conical bottom was present (Figure 
A.5).  
  
Figure A.5. Preliminary Flow Loop 2: a) Picture of system with flow path highlighted in red; 
b) Schema. 
Three two-phase systems were studied in this arrangement: gas-liquid; solid-liquid and 
liquid-liquid. For the gas-liquid, the procedure was the same employed in the Flow Loop 1.  
In the second step, the glass micro spheres were added to the tank in a great quantity. 
The flow rate was at about 1 kg/s and the data was registered for 1 hour. A parameter studied 
was the laser power of the ORM probe, which was fixed in 4 values (0.5; 1.0; 1.5 and 2.0 mW).  
In the third part of the preliminary flow loop tests, the glass particles were drained and 
the circuit was cleaned several times. The cleaning consisted in filling the system with water, 
circulating for ten minutes and discharging the water. Then, a low viscosity mineral oil 
(continuous phase) was added to the system and a diluted w/o emulsion (0.5 vol.%) was 
produced. Other concentrations values for concentrated emulsions were also studied (1.0; 5.0; 





This w/o system was also used to study the effect of the laser power on the DSD results. 
First, the laser power was fixed in 2.0 mW and the water concentration changed in the 0.5 to 
20.0 vol.% range. Then, the dispersed phase concentration was fixed in 10 and 20 vol.% and 
the laser power was changed, for ORM, to five values (0.5; 1.0; 2.0; 4.0 and 6.0 mW). For 20 
vol.%, the experiment for 0.5 mW was not performed due to leakage problems in the flow loop. 
Emulsion homogenization was assured by turbulence in the tank. The emulsion flowed 
in the closed flow loop for ten minutes before starting the droplet size distribution (DSD) data 
acquisition. The flow rate was about 1 kg/s. The DSD data were recorded for 15 minutes. 
A.2 Probes Validation Results and Discussion 
This section presents the results of distribution of the different two-phase systems used 
to validate the probes and the comparison between the different techniques responses.  
A.2.1 Microscopy Determination of PSD 
The magnification used in the microscope was 100x for the glass micro spheres, quartz 
and silica gel particles. The PVC particles were present in bigger sizes, so a smaller 
magnification, of 40x, was used to obtain images of these particles. The Figure A.6 illustrates 
the filters used in to process the glass micro spheres particles images. A similar procedure was 






















Figure A.6. Procedure used in ImageJ® for glass micro spheres: a) Initial image; b) 
Brightness/Contrast; c) 8 Bit; d) Binary Image; e) Invert Colors; f) Fill Particles; g) Adjust 
Threshold. 
The microscopy results indicate that the PSD of glass micro spheres is mostly in a 
range of 20 to 50 µm, with the highest counting peaks in 26 and 32 µm (Figure A.7-b). 





sample did not present a significant amount of tiny particles, which can improve the confidence 





Figure A.7. a) Microscopic image of glass micro spheres particles (100x); b) PSD determined 
by ImageJ. 
The PVC results indicate that most particles are bigger than glass micro spheres. The 
maximum peak was at 85 µm (Figure A.8-b). The PVC sample presented more heterogeneous 
particles regarding to shape and some of them were elongated (Figure A.8-a). The image shown 
in Figure A.8-a was obtained in a 40x magnification, whereas for the glass micro spheres 










This measurement method was not efficient for quartz and silica gel because these 
particles showed very irregular shapes and sizes and the samples presented a significant amount 
of tiny particles (Figure A.9-a and Figure A.10-a). The PSD indicated most particles in the 










Figure A.10. Microscopic image of silica gel particles (100x); b) PSD determined by ImageJ. 
As it will be shown later, the high amount of tiny particles and low contrast obtained 
for the silica gel and quartz particles also difficult the evaluation of results obtained with the 





A.2.2 PSD Determination in Bench Tests 
The PSD of the particles determined by the two probes was compared to the results 
obtained by optical microscopy, which was the standard technique.  
A.2.2.1 ORM Probe 
After the preliminary tests, the determination of particle size distribution of the four 
particle samples, glass micro spheres, PVC, quartz and silica gel, was performed (Figure A.11 
and Figure A.12). As expected, the results of PSD for glass micro spheres (Figure A.11-a) and 
PVC (Figure A.11-b) were more similar in the curves shapes to the ones obtained by 
microscopy. The results also indicate that PVC, with Sauter mean diameter of 70.7 ± 2.0 µm, 






Figure A.11. PSD determined in bench tests by ORM probe: a) glass micro spheres; b) PVC. 
The results obtained by ORM for silica gel and quartz, on the other hand, are different 
than the ones obtained by optical microscopy. Although a high amount of tiny particles was 
present in both particle samples, the ORM probe recognized larger particles more strongly. The 
results for quartz (Figure A.12-a) present a high peak at about 50 µm. For the silica gel (Figure 









Figure A.12. PSD determined in bench tests by ORM probe: a) quartz; b) silica gel. 
A.2.2.2 IVM Probe 
The results of PSD for the four particles (glass micro spheres, PVC, quartz and silica 
gel) are shown in Figure A.13. It is possible to note that, for the IVM probe, the most remarkable 
difference occurred to PVC. The PVC particles were much bigger than the others, with a peak 
in 78 µm. The other particles showed a peak very close, in about 30 µm. Glass micro spheres 
presented particles in the 25 to 100 µm range.  
 
 
Figure A.13. PSD of glass micro spheres, PVC, quartz and silica gel determined by IVM. 
The IVM camera captured images of particles which were processed by the software 





with good contrast (Figure A.14-a). This enhances the confidence in the results presented in 
Figure A.13. The micro spheres particles presented an ellipse ratio of 0.78 ± 0.01. 
For the PVC particles, the images did not present a contrast condition as good as that 
obtained for glass micro spheres (Figure A.14-b), but particles were still nicely recognized. The 
PSD results showed that PVC was quite big (Figure A.13), in agreement with the images 
(Figure A.14-b) and presented an ellipse ratio of 0.68 ± 0.01. 
The silica gel particles can be seen with clarity, but low contrast was obtained between 
the particles and the water medium (Figure A.14-d). This can have affected the results of PSD 
(Figure A.13). It is also possible to note that there is a wide variety of particle sizes and shapes 
in the sample. The ellipse ratio was 0.56 ± 0.01. Similar observations can be made to the quartz 









Figure A.14. Particle images captured by IVM Probe: a) glass micro spheres; b) PVC; c) 





A.2.2.3 Comparison between Probes and Microscopy 
It is difficult to directly compare the results of PSD determined by the three techniques, 
Imaging; Reflexive and Optical Microscopy, because the physical principles employed in the 
probes (reflexive and optical) are very different and provide results with different weightings. 
 The IVM results are presented in a percentage of number of particles with each size. The 
ORM, on the other hand, present results in a percentage of number of particles weighted by 
particle area. 
The results were compared based on the Sauter mean diameter. The best agreement 
among data was obtained for glass micro spheres and PVC (Table A.3). The results provided 
by the ORM probe and the microscopy differed in about 18%, while the difference between 
microscopy and IVM probe was 39%, for glass micro spheres. It appears that glass micro 
spheres present more reliable results once they had fewer tiny particles and were more spherical 
when compared to others, as seen in Figure A.7. 
Table A.3. Sauter mean diameters (µm) for particles determined by the three techniques. 
Particle Microscopy ORM IVM 
Glass Micro Spheres 31.6 ± 0.5 37.2 ± 0.6 44.0 ± 3.0 
PVC 85.0 ± 2.0 70.0 ± 2.0 70.0 ± 2.0 
Silica Gel 9.0 ± 1.0 69.0 ± 1.0 41.0 ± 2.0 
Quartz 7.9 ± 0.9 45.0 ± 3.0 70.0 ± 2.0 
The PVC particles presented a difference of about 17% between microscopy and ORM 
and about 17% between microscopy and IVM. The second sample more pure was PVC (Figure 
A.8).  
Regarding to silica gel and quartz, the differences between probes and microscopy 
results exceeded 100%. These particles had a large amount of tiny particles (Figure A.9 and 
Figure A.10). In face of these results, the glass micro spheres particles were elected to be used 
in the solid/liquid stage in the preliminary flow loop. 
One important point is that between glass micro spheres and PVC, the microscopy 
results appoint an increase of about 169% of Sauter mean size. The results of ORM and IVM 





indicate that the ORM probe gives more proportional results for solid/liquid systems than the 
IVM probe.   
A.2.3 Preliminary Flow Loop – Air-Water System 
Previously to the solid/liquid flow experiments, it was studied the response of bubble 
incorporation in the system. Figure A.15 shows images of bubbles in the visualization window.  
 
Figure A.15. Image of air bubbles inline captured at visualization window. 
Comparing the results obtained for Flow Line 1 and Flow Line 2, the bubble account 
dropped from about 1000 bubbles per 30 seconds in the first arrangement to about 400 bubbles 
per 30 seconds in the second arrangement, according to the readings of the ORM probe. This 
implied in differences in the BSB for each schema. 
A.2.3.1 ORM Probe 
The Line 2 presented smaller bubbles in a larger quantity than the Line 1. The results 
in the first arrangement tended to concentrate in the 6 to 15 µm range size, whereas in the 
second one the bubble size presented a bimodal profile with peaks at 7 and 13 µm (Figure A.16). 
The less incorporation of air in the system may have avoided the coalescence of bubbles, thus 
presenting most of the bubbles in smaller sizes in Line 2. 
Although the Sauter mean diameter decreased, from 18.0 ± 5.0 µm in Line 1 to 11.0 ± 
5.0 µm in Line 2), the standard deviation was high, indicating that, even with the stabilization 







Figure A.16. BSD for air/water flow determined by ORM. 
A.2.3.2 IVM Probe 
Figure A.17 shows the air bubbles flowing in Line 2. This image was obtained by the 
IVM probe and gives an idea of how the bubbles presented themselves in different sizes.  
 
Figure A.17. Images of air bubbles in water inline by IVM. 
The BSD obtained by the IVM probe (Figure A.18) showed similar results to the ones 
obtained by ORM (Figure A.16): smaller bubbles sizes in Line 2 when compared to Line 1. The 
distribution of bubbles in Line 2 was more spread than the one for Line 1, but bubbles in small 
band sizes were recognized in the second arrangement, whereas it did not occur in the first one. 
The results also indicated that the bubbles were more rounded in Line 2. The ellipse ratio 







Figure A.18. BSD for air/water flow determined by IVM. 
The Sauter mean diameter decreased for the BSD determined by IVM when compared 
the Lines 1 and 2. In Line 1, the diameter was 47.0 ± 5.0 µm and in Line 2 the results indicate 
a mean diameter of 29.0 ± 2.0 µm. This is in accordance to the trend shown in Figure A.18. 
A.2.3.3 Comparison between Probes  
Comparing Lines 1 and 2, although the absolute values from the Reflectance 
Technique (ORM) indicated a decrease of 63% in Sauter mean diameter and, for the Image 
Technique (IVM), it was observed a decrease of 62%, the high standard deviations in the ORM 
results prevent to conclude that both methods show the same sensitivity for bubble size 
variations in gas/liquid systems.  
A.2.4 Preliminary Flow Loop – Glass Micro Spheres-Water System 
When Line 1 was used, solid particles tended to settle in the tank and the particle 
concentration that passed through the probes decreased over time. To overcome this problem, 
the Flow Loop 2 was used for this and the subsequent experiments.  
In the solid-liquid step, caution was taken regarding to the bubble account. The issue 
related to this was that bubbles could not be prevented to enter the flow loop, so it was needed 





Before the glass micro spheres were added to the system, 400 particles per 30 seconds 
were counted by MCSA software (ORM probe), which corresponded to air bubbles. As the 
solid particles were added, the counting raised to about 20000 particles per 30 seconds, so the 
bubble interference was about 2% and could be neglected.  
A.2.4.1 ORM Probe 
The experiments were performed with 4 laser power with the ORM probe. The results 
indicated that there is no significant displacement in PSD range when the laser power is 
increased (Figure A.19). Most particles were in a diameter range from 3 to 19 µm diameter in 
the four cases. The difference observed is that, with higher values of laser power, the probe 
increases in sensibility and larger particles are more accounted and peaks in the 3 – 19 µm 
region decrease as the laser power increases. This effect was stronger between 0.5 and 1.0 mW. 
  
 
Figure A.19. PSD of glass micro spheres/water flow determined by ORM. 
The values of Sauter mean diameter also indicate that higher laser powers favor the 
recognition of larger particles. The Sauter diameter increased with laser power, while the 
standard deviation decreased. Based on these results, the value of laser power or 2.0 mW was 





Table A.4. Sauter mean diameters (µm) for glass micro spheres/water flow inline determined 
by ORM Probe. 
Laser Power 0.5 mW 1.0 mW 1.5 mW 2.0 mW 
Sauter Diameter (µm) 35.0 ± 3.0 36.0 ± 2.0 38.1 ± 0.9 38.6 ± 0.5 
The results of PSD of glass micro spheres inline lay in same range as the results 
obtained in beaker. On the other hand, the peak observed in the inline results (Figure A.19) was 
more distributed at the beaker results (Figure A.11-a). The Sauter mean diameters determined 
in line (Table A.4) in the highest laser powers were close to that obtained in beaker (37.2 ± 0.6 
µm). 
A.2.4.2 IVM Probe 
Figure A.20 shows images of glass micro spheres in water flow obtained by IVM. As 
it can be seen, the particles showed a good contrast with the water.  
 
Figure A.20. Images of glass micro spheres/water flow inline obtained by IVM. 
Figure A.21 shows the results of particle size distribution for glass micro spheres in 
water flow. Most particles were at 12 – 46 µm range. The Sauter mean diameter obtained for 
the inline tests was 43.0 ± 6.0 µm, which was in the same range of that of beaker tests (44.0 ± 





   
Figure A.21. PSD of glass micro spheres/water flow determined inline by IVM Probe. 
A.2.4.3 Comparison between Probes 
The PSD determined by the IVM Probe (Figure A.21) shows that most particles are 
bigger than the ones determined by ORM Probe (Figure A.19). Although the size distributions 
were not similar between the two techniques, the Sauter mean diameter results were close 
between the IVM (43.0 ± 6.0 µm) and ORM at 2.0 mW (38.5 ± 0.5 µm), considering the 
standard deviations.  
A.2.5 Preliminary Flow Loop – Water/Mineral Oil 
For the third two-phase system studied, the mineral oil was used as the continuous phase 
to produce an emulsion with water as dispersed phase.  
A.2.5.1 ORM Probe 
The DSD of water droplets in oil was studied with different dispersed phase 
concentrations and different values of laser power. 
A.2.5.1.1 Influence of dispersed phase concentration 
The results of droplet size distribution of water/mineral oil emulsion indicate that there 
is no significant difference in water droplet size ranges with different dispersed phase 
concentrations (Figure A.22). The results indicate that, as the water concentration increases, 







Figure A.22. DSD of water/mineral oil emulsion inline determined by ORM (2.0 mW) probe 
with different dispersed phase concentrations. 
The values in Table A.5 show that the mean diameter decreased with increasing water 
concentration. Furthermore, the standard deviation decreased with water concentration and 
particle accounted increased. This indicates that the emulsion seems to present more fine 
droplets when more water was present, in the tested interval. The peak at 10.0 was higher than 
for 20.0 (vol. %), but, as can be seen in Table A.5, the Sauter mean diameter was smaller for 
20.0 (vol. %)data. 
Table A.5. Sauter mean diameter (µm), maximum diameter (µm) and accounting of water 
droplets in water/mineral oil emulsion flow in different dispersed phase concentrations 
determined by ORM Probe. 
Water Concentration (vol. 
%) 
0.5 1.0 5.0 10.0 20.0 
Sauter Diameter (µm) 39.0 ± 2.0 36.0 ± 2.0 25.0 ± 0.3 20.4 ± 0.2 18.8 ± 0.5 
Maximum Diameter (µm) 78.0 ± 8.0 81.0 ± 4.0 61.0 ± 11.0 48.0 ± 2.0 40.8 ± 0.7 
Droplet Account* 6961 7687 8941 9185 12811 
 *corresponding to 30 seconds measurements 
Results of Sauter mean diameter show a different trend than what was expected. More 
dispersed phase generally increases the collision frequency and favors coalescence. So, it was 





verified the increase in droplets size as the amount of dispersed phase concentration enhanced 
during the flow of w/o emulsions in a closed flow loop with centrifugal pump. Between the two 
higher water concentrations (10.0 and 20.0 vol. %), the Sauter mean diameter did not change 
significantly. 
A.2.5.1.2 Influence of laser power 
The results show that the laser power in the 0.5 to 6.0 mW range does not alter 
significantly the DSD range in both water concentrations, i.e. 10.0 and 20.0 vol. %. Particles in 
the 15 to 45 µm range were more accounted in higher values of laser power (Figure A.23). This 
indicates that the ORM probe response is more sensitive to larger droplets when more energy 






Figure A.23. DSD of 10 (vol. %) water/mineral oil emulsion inline determined by ORM 
probe with different laser powers and water contents: a) 10 vol.%; b) 20 vol.%. 
Results for 0.5 mW laser power were not obtained for 20 (vol. %) emulsion (Figure 
A.23-b) flow due to experimental problems. 
The mean diameter increased with laser power (Table A.6 and Table A.7). This 
indicates that coarse droplets are more recognized as more energy was displaced by the ORM 





Table A.6. Sauter mean diameter (µm), maximum diameter (µm)  and accounting of water 
droplets in 10 (vol. %) water/mineral oil emulsion flow with different laser powers 
determined by ORM Probe. 
Laser Power (mW) 0.5 1.0 2.0 4.0 6.0 
Sauter Diameter (µm) 12.9 ± 0.5 15.0 ± 0.7 16.6 ± 0.3 18.5 ± 0.4 19.8 ± 0.2 
Maximum Diameter 
(µm) 
26.0 ± 2.0 32.2 ± 0.5 35.5 ± 0.7 41.0 ± 1.0 44.6 ± 0.7 
Droplet Account* 3452 6367 10711 15680 20159 
 *corresponding to 30 seconds measurements 
Table A.7. Sauter mean diameter (µm), maximum diameter (µm) and accounting of water 
droplets in 20 (vol. %) water/mineral oil emulsion flow with different laser powers 
determined by ORM. 
Laser Power (mW) 1.0 2.0 4.0 6.0 
Sauter Diameter (µm) 11.9 ± 0.2 15.1 ± 0.2 17.7 ± 0.1 19.4 ± 0.6 
Maximum Diameter 
(µm) 28.0 ± 3.0 33.0 ± 5.0 42.0 ± 1.0 44.6 ± 0.8 
Droplet Account* 8170 13774 19381 20440 
 *corresponding to 30 seconds measurements 
Comparing the results of Sauter diameter of the two concentrations (10.0 and 20.0 vol. 
%), there is a significant difference only at 1.0 mW (Table A.6 and Table A.7). For the other 
laser powers, the range of sizes is the same when the standard deviation is considered. The 
mean diameters were also smaller than those obtained in the varying concentration stage, when 
the laser power was fixed at 2.0 mW (Table A.5). Droplet account increased with laser power, 
as expected. 
A.2.5.2 IVM Probe 
The measurements with the IVM probe did not work with the water/mineral oil 
emulsion. In all dispersed phase concentrations, the emulsions got so turbid that the LED light 
seemed to have been scattered, preventing the image acquisition by the IVM probe. The 
software parameters were altered to intensify the LED light to its maximum, but it still could 





Figure A.24 shows an image of the emulsion flow captured by the IVM probe during 
the experiments. Figure A.25 shows an image captured in the visualization window and 
illustrates how turbid the emulsion was.  
 
Figure A.24. Image captured by IVM software during water/mineral oil flow. 
 
 
Figure A.25. Image of water/mineral oil turbid flow captured in visualization window. 
A.3 Probes Validation Main Conclusions 
 In the probes validation experiments, size distribution of different two-phase systems 
was studied by different techniques and in several conditions. The ORM data agreed more with 
microscopy data for the glass micro spheres, which corresponded to the most regular particles 
regarding to size. For the gas/liquid systems, the bubble diameters were much dispersed. Higher 
values of laser power increased the sensitivity of ORM and larger particles and droplets were 
more recognized. For the liquid/liquid system, water droplets increased in quantity and 
decreased in size with the ORM laser power. The IVM did not work in the w/o emulsion system 






































APPENDIX B – DSD DISTRIBUTION DESCRIPTIVE FUNCTIONS 
Prediction of droplet size distribution requires the use of a distribution function 
(Simmons and Azzopardi, 2001). According to Morales (2009), the functions that are most 
frequently used in analyses and correlations of measured droplet size data include normal, log-
normal and Weibull (Rosin-Rammler).  
B.1 Normal Distribution 
In the normal distribution, a number distribution function 𝑓(𝑑) is used to determine 








2]  (B.1) 
where 𝜃 is the standard deviation parameter and 𝜃2 is the variance parameter. A plot 
of the distribution function is called standard normal distribution curve, where the area under 
the curve from −∞ to +∞ is equal to 1. The cumulative number distribution function 𝐹(𝑑) is 


















  (B.2) 
Morales (2009) observed that this distribution does not usually fit properly the 
experimental droplet size distribution data in liquid-liquid flow.  
B.2 Log-Normal Distribution 














where 𝜛𝑔 is the geometric mean droplet diameter parameter, which can be based on 
volume or surface, and 𝜃𝑔 is the geometric standard deviation parameter. Plotting droplet size 
data on a log-probability graph paper will generate a straight line if the data follow a log-normal 
distribution.  
B.3 Weibull Distribution 
The Weibull distribution has a spread diameter (𝛼) and central tendency parameter (𝛽) 
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The integral form of the distribution is commonly named Rosin-Rammler distribution 
(Angeli and Hewitt, 2000; Morales et al., 2012). The cumulative distribution is obtained as a 
function of the droplets that have diameter smaller than 𝑑𝑖: 





]  (B.5) 
 The advantage of this distribution is its ease of application (Morales, 2009). On the 
other hand, a disadvantage of the Weibull distribution is that it does not contain a mathematical 
upper cut-off, so it has a tail to infinite droplet sizes.  
Angeli and Hewitt (2000) and Morales et al. (2012) observed that the droplet size 
distribution inline can be represented by the Rosin-Rammler distribution. 
Table B.1 shows some of the models more frequently used to represent distribution 
data and the best fit obtained in different works in the literature.  
Table B.1. Models used in two-phase systems distribution fitting. 




Chen and Middleman (1967) Xylene-water Stirred Tank Normal Normal 





Hesketh et. al (1987) Water-Air Inline Log-Normal Log-Normal 
Balinov (1994) Water-Oil Bench Log-Normal Log-Normal 
Parthasarathy and Ahmed 
(1994) 
Air-water Stirred Tank Lognormal 
Two 
Lognormal 
Angeli and Hewitt (2000) Oil-water Inline Weibull Weibull 
Hannisdal et al. (2006) Water-Oil Bench Log-Normal Log-Normal 
Boxall et al. (2009) Water-Oil Stirred Tank Log-Normal Log-Normal 




















Several other distributions models have been proposed to characterize droplet size 
distributions such as the Upper Limit, Root-Normal, Nukiyama-Tanasawa, Erlang, Gamma, 
Gaudin-Schuhmann,Schwarz-Bezemer, Gal-Or and Hoelscher distributions (Zhou and Kresta, 
1998; Jillavenkatesa, 2001; Morales, 2009), but they present more parameters and are far less 
used to characterize flow systems than the classic ones (normal, log-normal and Weibull).  
B.4 Goodness-of-fit Tests 
Application of statistics are frequently concerned with the question of whether two 
sets of data come from the same distribution function or, alternatively, whether a probabilistic 
model is adequate for a data set. A test like that is generically called a goodness-of-fit test 
(Lopes et. al, 2008). 
Generally, given a sample and a density size distribution function T(x), the objective 
is to test the Null Hypothesis 𝐻0 that M(x) is the sample’s distribution function (Lopes et. al, 
2008): 
𝐻0 – The data follows a distribution 𝑇(𝑥) 
𝐻1 – The data does not follows a distribution 𝑇(𝑥) 
When the null hypothesis is not rejected for more than one statistical model, the p-





the fitting criterion is determined by the comparison between the p-value and the critical value 
determined by the statistical test.  
The significance level, or confidence level corresponds to the probability of a null 
hypothesis being rejected when it should be accepted, i.e. the confidence level of the test. Most 
works in literature use significance levels of 0.10 and 0.05, which corresponds to 90 and 95% 
confidence in the tests results, respectively (Vlček and Huth, 2009; Lopes et al, 2013; 
Fernandes, 2013).  
The three commonly used statistic tests in DSD studies are the Chi-Squared test, the 
Anderson-Darling test and the Kolmogorov-Smirnov test. The latter is presented below. 
B.4.1 Kolmogorov-Smirnov test 
The Kolmogorov-Smirnov is a goodness-of-fit test which verifies whether a given 
distribution is not significantly different from one hypothesized and consists in calculating the 
maximum difference between theoretical distribution function 𝑇(𝑥) and the empirical function 
𝐿(𝑥) (Costa Neto, 1992; Lopes et al., 2013).  
The test consists in simply verifying the 𝐷𝑀𝐴𝑋 value e comparing it with a reference 
critical value that varies with the significance level and number of experimental points (Costa 
Neto, 1992).  
𝐷𝑀𝐴𝑋 = max|𝐿(𝑥) − 𝑇(𝑥)|  (B.6) 
The Kolmogorov-Smirnov test offers several advantages over the Chi-Square test 
(Lopes et al., 2008; Fernandes, 2013): 
 It is more effective; 
 The distribution of its statistic is invariant under re-parametrization and it can be 
easily implemented by computers; 









APPENDIX C – EXPERIMENTAL UNCERTAINTIES ANALYSIS 
Eurachem/Citac (2012) defines the uncertainty as a parameter, associated with the 
result of a measurement, that characterizes the dispersion of the values that could reasonably 
be attributed to the measurand. In practice, it may arise from many possible sources. 
The dispersion of the values that the measurand can assume needs to be known in order 
to fully characterize the measurement. The general rules for evaluated and express the 
uncertainty is presented by INMETRO (2008). Two main uncertainties types are defined: 
Type-A Uncertainty: Calculated from the statistical analysis of a series of repeated 
measurements. 
Type-B Uncertainty: Calculated from an information set that may contain previous 
measurements, manufacturer’s specifications or uncertainties attributed to data extracted from 
manuals.  
In this work, only the Type-B uncertainties will be considered for the ESP flow loop 
results due to the high complex phenomena that occur and the difficulties in the system 
operation, which allowed each experimental point to be measured only once. The uncertainties 
expressions for the mains variables follow. 
C.1 Combined Uncertainty 
The combined uncertainty is calculated to parameters that are obtained from 
measurement results. In other words, when one parameter is a function of different statistically 
independent variables, its uncertainty will depend on the individual uncertainties of each 
variables. 
The general mathematical relationship between the combined standard uncertainty 𝑢𝑦 
of a value 𝑦 and the uncertainty of the independent parameters 𝑥1,𝑥2,…𝑥𝑛 on which it depends 
is Eurachem/Citac (2012): 











C.2 Standard Uncertainty Analysis for the Mean Temperature 




























  (C.4) 




+  1.368𝑥10−4(Tm + 273.15)
3 –  0.0773(Tm + 273.15)
2  
+  19.27(Tm + 273.15) –  764.85 
 (C.5) 
𝜌𝑜 = 887.028[1 − 6.972𝑥10
−4(Tm − 20)]  (C.6) 




+  4.104𝑥10−4(Tm + 273.15)
2 –  0.155(Tm + 273.15)




The emulsion density is a function of the oil and water emulsions and the total water 
cut: 








+ ((1 − 𝑊𝑐𝑢𝑡)𝑢𝜌𝑜)
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C.4 Standard Uncertainty Analysis for the Flow Rates 
The water volumetric flow rate injected in the ESP pump was a function of the 





















The oil volumetric flow rate was a function of the calculated oil density and the water 



























The emulsion flow rate was a function of the calculated injected water flow rate and 
the measured mixture density and oil mass flow rate: 


























C.5 Standard Uncertainty Analysis for the Water Cuts 


























The total water cut, referred to the flow inside the ESP pump is a function of the 
volumetric flow rates: 




















C.6 Standard Uncertainty Analysis for the Pressure Gain in the Pump and Straight Line 







where P9 and P1 are the pressure measurements in the pump inlet and outlet, 
































For the pressure gain in the straight line, using a similar procedure, the combined 









C.7 Standard Uncertainty Analysis for the Mean Head 



































C.8 Standard Uncertainty Analysis for the Hydraulic Power 
The hydraulic power is calculated from the measurements from the manometers and 































C.9 Standard Uncertainty Analysis for the Shaft Power 
The shaft power was calculated from the measured rotation speed and shaft torque: 





















C.10 Standard Uncertainty Analysis for the Efficiency 



















C.11 Standard Uncertainty Analysis for the Pump Dimensionless Parameters 





































The capacity coefficient is a function of the calculated emulsion flow rate and the 





























The brake horsepower coefficient is a function of the calculated brake horsepower and 


















































C.12 General Results for the Standard Combined Uncertainties  
The combined uncertainties of the experimental data was calculated. The 
measurements standard uncertainties obtained from the calibration certification or the 
manufacturer’s manuals are presented in Table C.1. The maximum combined uncertainty for 
each variable discussed is shown in Table C.2. 
Table C.1. Relative standard uncertainties for the variables measured in the ESP flow loop. 
Uncertainty Value Uncertainty Value 
𝒖𝑻 0.04 °C 𝒖𝑷 0.01 % 
𝒖?̇?𝒘 0.3 % 𝒖𝜏𝒔𝒉𝒂𝒇𝒕  0.3 % 
𝒖?̇?𝒐 0.3 % 𝒖𝑵 0.01 N.m 
𝒖𝝆𝒎𝒊𝒙 0.3 %   
Table C.2. Relative combined standard uncertainties for then mains variables discussed in the 
ESP flow loop. 
Uncertainty Value (%) Uncertainty Value (%) 
𝒖𝑻𝐦 2.82 𝒖𝚫𝑷𝐦  0.18 
𝒖𝝆𝒘 0.55 𝒖𝚫𝑷𝒎𝒊𝒙 1.42 
𝒖𝝆𝒐 1.75 𝒖𝒉𝒎  2.01 
𝒖𝝆𝒆 1.56 𝒖𝑷𝒉 3.31 
𝒖𝑸𝐰𝐢𝐧𝐣  0.45 𝒖𝑷𝒃𝒉𝒑 9.18 
𝒖𝑸𝒐 12.44 𝒖𝜼 11.94 
𝒖𝑸𝒆 1.49 𝒖𝑪𝒉 27.41 












ANNEX A – PICTURES OF THE EXPERIMENTAL SETUP  
 























ANNEX B – ESP PUMP PERFORMANCE CATALOG CURVES  
 
 
Figure Annex B.1. Curves from the catalog of the P100LS pump (538 SERIES, 1 stage and 
60 Hz frequency) performance. 
 
